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/-O/tEWORO
This rllport presents the final result;; of one of the projects participating in the military-effectfl
programs of Operation Hardtack. Overall information about this and the other military-effects
projE:ct:s can be obtained from ITR-1660, the "Summary Report of the Commander, Task Unit
3." Tl.lis technical Bummary includes: (1) tables listing each detonation with its yield, type,
environment, meteorological conditions, etc.; (2) nlaps showing sb.ot locations; (3) discussion of
results by programs; (4) summaries of objectives, procedures, results, etc., for all pi'ojects;
and (5) a listing of project reports fl)r the miUtary-effects programs.
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ABSTRACT
........-....

The purpose of this project was to ate the effects of blast forces, radiatl.on,
and water waves resultlng from nuclear explosionS on var rt-type structures and
previously exposed test structuren located on the various Islands 0 Iwetok Proving Ground,_
The major effort of the project, a joint Wolterways Experiment Station an and Nar\'er, 137"""
Inc., dfort, was concentrated on the early shots Which were expected to yieid the most signifi-
cant Information for this project. To cover any supplementary Informatlc.n from ;,he later shots,
because the project was to be a minimum effort of funds and pp.rsonnel, arrangements were
made with Holmes and Narvl:;r, Inc., for the project to receive appropriate addltionai data from
the later shots from the damage survey normally conducted by that organization 1n the field.
This report contains the general effects data for the slP'ions investigated from all the shots of
concern to tnis projett.

No elect:oonlc rllcordlni: was utilized: however, llelf-recordlng meaSU1'ements of air o\'er
pressurl' and accl!le.'i'.tion were mllrl.~ n.t se"'"i'~~ iltatl,;as, al",.g With !lam.: meru>ulllment.. III

erosion due to water waves. The damage surveys w£rc performed by visuallnspectlon, photo
graphs, and level surveys.

The curve u~ed for predicting air overpressure, the most Important Pl\rameter in determining
blast damage, proved to be rellable, Observed pressure data obtained during this operation
correlated well with the prediction curve, which was based on data obtained from previous op
erations.

The curve used for predicting acceleration for floor slabs of structures appears to give
reasonable values. HlJwever, limiteti data was obtained, and the over-all reliability of the
predlcllon curve Is uncertain.

It was found that the path-of-least-reslstance method for predicting radlatloh within structures
p.\'oved adequate. Th~ slant-thickness method did not give reallsllc values.

No structural damage was observed which was attributable to thermal radiation. Steel was
observed for exposureH up to 1,400 caVcrn 2; concrete surfaces showed mlnol' IIpalUl\l[ at 650
caVcm2

•

Structural damage, due to water waves, may be neglected for close-in structures designed
to withstand air blast. At greater distances, where air blast Is of no great consequence, Wolter
waves must be considered In structural planning.

Damage to camps (light, wood-frame type construction) was investigated. The damage aata
compared with and amplified the data contained In TM 23-200 (Reference 8) pertaining to wOod
frame structures. Damage to antennas and radar reflectors correlated well wit~ data in the ref
erenced manual also. The curve of Reference 8 for predicting damage to three-story, blaat
resistant buUdlngs Is also adequate.

Relnf(\"c!n~ steel il"...nn·~ of bi~'1t··r"Ri8tllnt structures should be designed to provide more
uniformity of shl!ngth. Posith .. reil".iorcemelll should be continuous exlendlnl'o llver hUt'llOl'ls;
at least one-hali of the negative steel should be carried beyond the point of Inflection a sufficient
distance to develop the allowable strp.ss in s,\ch bars ur a diatan;e equal to the depth of the mem
i.:t<!', wnicnc.. cr distance is g!,Pllter.

A ground-Sllrface 21,OGO-galion water tank of Ya-Inch bolted steel plate, 8 feet high and 22 feet
In diameter, suffered only Ught damage when exposed to pressures of 6.5 and 7.0 psi.

Heavily reinforced-concrete, earth-mounded structures (waUs and roofs 5 to 6 feet thick with
spans up to 5 feet) survived air overpressures up to 1,000 psi.

Objects located close behind earth mounds within a distance approximately equal to the height
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of the mound recelvl'd considerable protectlor. from dynamic presllures at overpressures (If 35
JlIlI anri lower.

Exposed Jtandard 2-lnch and 4-lnch water pipes, Including standard rising-stem valved, lIur
vlved pressures up to 8 psl wltl\out any sign of damage.

The method u~ed for predicting pressures at a zero angle of Incldence on the front and rear
fl'.ces of diffraction-type targets ls satisfactory for both design and analysll purposes, At lln~ ~"s

of Incidence greater than zero however, U.e method Is satlsfactury for design purposes only, The
predlcted shape of ovl:-tpJ'eslure-time curves for the roof of diffraction-type targets was not In
close agreement with measured rellults,

6
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PREFACE
This project 'NIlS a jelnt, coordinated effort between the U. S. "rmy Er.gineer Watel ways ExperI
ment Station (WES), Vicksburg, Mississippi, and Holmes and Narver, Inc. (H&lN) , Enginens
and Constructors, Los Angeiea,l, ~Illuornia. This joint venture \\'as made !l')ssibia by the efforts
of personnel from both the Armed Forces Special Weapons Project (AFSWP), and tne Atomic
Enerey Commission (AEC). For WES, thl! project was under the general direction of E. P. Fort
son, Jr., F. R. Brown, and G. L. Arbuthnot, Jr., with W. J. Fllf.thau dellignated as the project
offlcer. For H&lN, the project was under the generai direction of R. R. Alvy and S. B. Smith,
with R. A. Cameron designated as the ass18tllnt project offlcer. Special recognition is given to
C:opt. E. S. Townsley, of WES, who "repared the appendix on radiation. Also contributing to this
project were Sp2 R. P. Andrew, Pre. C. W. Denzei, and Prc. D. G. Brown, of WEB. The co
operation received from personnel of the Los Alamos Scientific Laboratory (LASL), t'le University
of CaUfornia Radiation Laboratory (UCRL), the Stanford Research Institute (SRI), and the Ballis
tic Research Laborato:'ies (BRL) greatly assl.sted this project in meeting 1<'8 objective.
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Chopler I
INTRODUCTION

1.1 OBJECTIVE

The objective of this project was to record and evaluate damage from blast, radiation, and
water waves to selected pre-existent and ne'" structures at the Eniwetok Proving Ground by
examination and measurement before and after certain test detonations. The damage properiy
a~8ucilltedwith shot geometries can provide valuabie information to designers and planners of
structures to Nsist the effects of nuclear weapons.

1.2 BACKGROUND

Many structures have been b';::~ •.: .. ; ior tests at the Eniwetok Proving Ground for the purpos':l
of housing scientific instruments in extreme environments. Damage to these structures was
reported, but their exp.>sure to nuclear effects was only incidental to their function, and the op
portunity to gain useful information from the~r behavior was not exploited. In addition, consid
erable eUort and funds have been invested in prior operations for structural tests, per se. Some
of these structu~es still exist in an undamaged or partially damaged condition. Since a number
of these structures were supposed to be subjected to severe loading conditions during Operation
Hardtack, an opportunity was afforded to obtain valuable information on structural :.-esponse and
damage with minimum additionlll eUort. Therefore, this projf:ct was planned to exploit the op
portunity to gain general information that would amplify and supplement existing design criteria
and concepts.

The selection of pre-existent /:;tations that were investigated wAs balied upon all UII-,,,i,, bU,'

vey of structures made in November 1957. Certain n~w test structures were also included where
it was predicted that they would be subject to high pressure and temperature or destructive water
wave action.

1.2.1 Previous Damage Surveys. Damage survey/:; were performed for Operation Ivy (Ref
erence 1), conducted in 1952, and for Shot 1 of Oper~tion Castle (Reference 2), conducted in
1954. These surveys described damage from a total of three shots; for this reason, no overall
discussion of damage-distance relationships as a function of shot yield was made in either report.
In addition to the publishe.:l reports (References 1 and 2), Holmes and Narver, Inc. (H&N) made
damage obs"rvations and took numf,r'~US p:-.olOgr"phs of scientiilc ::Italions during • Iperatt~,n Castle
(1954) and Operation Rtidwing (1956). The postshot damage reports prepal'f:d by H&N were given
only li~'lited distriLution within the 1 EC. Since no complete damage .lUrveys are aVl'.ilable for
Operations Ca'ltle ann Redwing. thl H&N reports were reviewed, and ". RlIO''!lary of the IIIigcel
laneous damage observations arc tabuiated in this report for the first tilne for a more generai
distribution.

Shot geometries with pressure contours for Operation Castle are shown in Figures 1.1 and
1.2 for Bikini and Eniwetok, respectively. Table 1.1 summarizes the blast damage observations
for Shots 2, 3. ·t, 5, and 6. Damage d'.1e to Shot 1 is thoroughly presented in Reference 2; how
ever, pertln,,"· "e!luits are pre!lented in Chapter 3 of this report.

SECRET
FORMERLY RESTRICTED DATA



........

"'---i~88:ijIK:iiINilIAAjjTO)i:LfL---~'i.~"~fZf=--+---1!1_.1 ".~
;"'1'"

Figure 1.1 Shot geometry with pressure contours for Bikini Atoll, Operation Castle (1954) •
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Figure 1.2 Shot geometry with pressure contours for
Elliwetok Atoll, Operation Castle (11154).
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Shot geometries with pressure contours for Operation Redwlng are shown In Figures 1.3 land
1. ',. and the summary of blast damage obser\ratlons Is shown in Tables 1.2 lind 1.3.

The summary of blast damage observatlons for Operation Hardtack is shown in Table 1.4.
salle'll conclusions reported during previous surveys :References 1 and 2) are given belo'lli.

1.2,2 Conclusions fronl Ivy Damage Survey (1952). (1) Exposed steel beams "nd pipes attached
to structurelJ were damllited or destroyed b:' overpressures of 11 psi and greater. (2) SmaU Bulld-

TABLE 1.1 OIl8ERVATIOIl8 or OROSI DAMAGE, Opr-lIAnON CAITLE., SIKINI AND ENIWETOK ATOLLS
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A.I

Ings covered with thin sheet metal over diagonal wood sheathing generaUy withstood overpressures
up to 5 and II psi. However. one structure of this type was badly d'lmaged by an overpressure of
4.5 pSi. (3) Lightly constructed wood-frame shacks sheathed with corrugated metal and located
in reglo;.~' ~Ith overpressures greatel' than 4 psi were compleiely destroyed. No structures of
this type were located in regions subjected to less than 4-psi overpreslJure. (4) Palm trees were
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destroyed oy alr-blallt ov !rpressll~es ot' 4 to 5 pst and grealer; none were destroyed by over
pressures less than 0& psI.

1.2.3 Condusloali from Castle Damage Survey (1954). (1) The blast wave of a l:i.O-Mt sur
face burst caused considerable damatte to Ught wood-frame structures I.ut t') a radius of about
16 milell from ground zero. (2) Trussing and knee braclnll walillUllclive in dec.·........,'& ..." ..".".

ity of damage to light wood-frame butldlngs at great distances. (3) Heavily retnforced-concrete,
above-ground, shelter-type structures subjected directly to the bla1it wave recllivotd di"nlflcant
damage all far away as 1.5 miles. It was 1I0t known how much farther this damage would have
extended. (4) Earth cover llpptlll.cd to provide a con3iderable degree of protllrtlon from air
"huck to relnforct.'Ci-concrete, shelter-type structurllii. The addition of the f>... rth cover appeared
to be beneficial, primarily due to decreasing the bl;;'/It loading by Improvilli the aenAynamlc
shape, which In turn reduced reflection factors. AltlO. there was a possibility of slight attenua
tion of pressure incident 011 ihe structure, depending on the depth and condlUon of the earth cover.
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Cllopl" 2
PROCEDURE

2.1 SHO'!' rARTICIPATION

The objecl.ive dictated that this project (a Joint WES-H&N effort) adequately document lOforma
tion from nearly all the Operation Hardtack shots. The major effort of the project was concen
trated on the early shots which were expected to yield the most significant Infol'mation for this
project. Some supplementary Informatlon of Interest, however, was also expected from the later
shots. Therefore, becallse this proj('ct was to be a minimum effort using limited funds and per
.l0nnel, arrangements were made with H&N to receive the damage survey normally conducted by
its ~ieid organization, In !lddltlon, it \IIr't\s planned to ",,"V" .. l>l'oject representative visit the test
site after the operation to obtain additional data regarding the later shots. The schedule of ob
servation of effects from the various shots by the project during ~hl! operation and by the proj
ect representative after the opera~~y.••~ ';;IOWIl in Table 2.1,

The general layout and planned shot geometry for Operation Hardtack events, including the
code name of the shot, &i~e (island), and stations Investigated, are shown in Figures 2.1 and 2.2
for Bikini and Eniwetok, respectively.

2.2 INSTRUMENTATION

Eleven self-recording, air-overpressure gages and six self-recording accelerometers were
located as shown in Table 2.2. T'le locations were selected to provide the most usefui data,
taking into account shot geometries with respect to structurp,s, and the available instrumentation,
The exact location, as well as the results obtained with these gages, appear In Chapterlj 3 and 4
under the section pertaining to the structu;,'e In ....hich or near which the gage was actlla~ly lnl'Atprl.

The gages were furnished, callbrated, and read by personnel from the Balllstlcs HP-ilearch Lab
oratory (BRL).

The self-recording pressure gage consisted of a precisely gOVf nea, battery-operl',ted motor
that ro~ted a silvered-glass Clisk placed in operation by a fast-rlblng light pulse or thermal ra
diation from the detonation. A stylus attached to a compact metal-bellows element traced on the
rotating disk a record of the dilations of the bellows produced by the pressure of the blast wave.
In this way, a time-dependent record of the blast pressure was impressed on the disk.

The self-recording accelerometer was similar tothe self-recording pressure gage, elCcept
that the sensing element was a cantilever spring with a A1lass attached at the free end. A re
cording I~ylus ·,v...s wuuul"d ...... t~.l: 1"1:155. .~. ':~"ond clement wa~ mounted at II rlp;ht a"lI:le to
the other 80 that the two styiuses recordlld ~cccleration in two planes on a single glabs dil....
For a more detailed description of these two types of self-recording llag~\I, Including methods
of installation and calibration, see WT-16J2.

Liosil...cter Film Packets, Type ~S9 (manufacturea uy E. I. du Pont dll Nemuul'\1 lind Co. ) ui>
talned from and processed by TU 7.1.6 were placed In various stations to determIne total gamma
radiation. The location of the film badges and the values obtained appear In Chapters 3 and 4
under the section pertaining to the appropriate structure In which the badges were placed. The
film used had two ranges of sensltlv~ty; one from 0 roentgens (r) to 10,. and the other from
2 r to 400 r.

Photogr"jllI8 were taken hefore and after tile shotd at each station so lhat a viDual comparison
of d9.mage could be made.
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Flgure 2.1 General plan and shot geometry for Bikini Aloll.
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Figure 2.2 General plan and shot geometry for 8nlwet,.:>k Atoil.
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2.3 DATA REQUIREMENTS

Air oVl..rpreasure was measured to correlate damage with pressure. The curves shown iI'

Figures 2.3 and 2.4 were used for predicting values of air overpressure anc! positive-phase
duration, re8p~~tively. Both curves are based on data found in References 3 and 4.

The geometry and position or Station 1312, a large, reinforced-concrete diagnostic staLon
without earth cover (constructed for Operation Hardtack on Site Janet), offered the OPPOL'lUIUly

to obtain loadinG information fol' a large diffraction-type target. To obtain this information,
two pressure gages were placed in the front face, two on the roof, and one on the back face of

TABLE 2.1 SCHEDULE OF DATA COLLECTION DURING AND
AFTER OPERATION HARDTACK

Shot

Sile

Bikini Atotl

E.ffects Observed
by Project During

Operation

E flects Observed
by Project

Representative
Postoperation

AI;!e

Charlle

Fox and George

Tare and Sugar

Enlwetok Atoll

Gene. Helen, and
Irene

Janel

Yvonne

Fit' Cw~:.·~·

Sycamore Popl"r
Aspen

HI' Cod",-
Sycamore Poplar
Aspen

Maple Redwood

Nutmeg Hickory
Juniper

Kon Dogwood
Yellowwood Olive
Tobacco Pine
Walnut
Elder

Koa Dogwood
Yellowwood Olive
Tobacco Pine
Walnut
Elder

Cactus Linden
Butternut Sequoia
Holly Fig
Mag-la. -" PitH'hii.l.
Rose

i~" slat!r,ll. The ~'t:E'ults of this work are presented \" A.!'pendlx B.
Acceleration measurements were obtained to assist in relating the response of a structural

system with pressure and, also, to determine whether or not the acceleration was of such mag
nltude as to possibly calise physiological damage to personnel. Fer the purpose of predicting
accelerations, a cU'rve (Figure 2.5) was drawn from data contained in References 5, 6, and 7.
The rl!ference data indicated that the vertical acceleration of the floor slab approximated the
vertic'",l iiccel.,··.· 'vn of the soU mass at the same levE-1. If Ii is assumed that the total .....eight
of a burled sU'ul~ture is approximately the same as the weight of soil dispuCI"I, the acceleration
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of the floor slab (at least In the downward direction) should IoIpproach the tree-field value.
RadiatIon measurements were obtained to evaluate and compare actual wLth predLcted values.

The TM 2a-200 (Reference 8) was used as the guide Ln making predicted radiation vAlues, as
well 118 In determining tile attenuation factors for the various structures. A discussion of the
method and calculations used for predicting radiation within the four s~ructures that were radLo
logically evaluated l8 given In Appendix A to thLs repc.rt.

Water-wave predLctions and waveo·crest-helgb.t measureme..ts were made by Project 50.1
(Scripps Institution vf Oceanography). The data were used to study the relatlonshlp between
wave action and land erosion. The results of tills work are presented In Appendix D.

TABLE 2.2 SUMMARY OF SELF-R;;;CORDING INSTRUMENTATION

Site

CharlIe
Tare
Janet

Station

711.01
2230002
1312
301.1

Number of Gages
All' Overpressure Acceleration

psi g
2 2
2 2
6 2
1 0

Level surveys were performed to determine the loss of earth cover over sheral mounded
structures resulting from the effects of water wavIla and all' blast.

The recorded damage from tills (\fo~o :.t~('!'o and past operations, summr.rized In Chapter I, was
correlated with various curves of Reference 8. This project also utUized basic data from other
Operation Hardtack projects to amplify the correlation.

An opportunity was afforded to compare predicted with observed response of reinforced
concrete gage piers which were located on Site Janet. This work Is described In A~pendlx C.
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ChopII' J
RESULTS: 8/K/N.! ATOLL

For ease in interpretation of results and rderence to various Clgures, the test re~ults are pre
sented In order acr.ordlng to atoll, then site (island), and then station. Where applicable to CI.

particular statton, a brief history relating effects from past operatlons Is also hu:luded.
TI,e general test results and descriptions of the stations Investigated on BUttnlar.. summa.

rlzed in Table 3.1. Througho.lt this report, the terms severe, mo<iera.te, and light damage ar'3
used; for clarification the follOWing deClnltions (Reference 8) are given:

Severe Damage. That degree of structural damage which prec.ludes further ulle of 3.

structure for the purpose for Which U ill intended wUhout essentially complete reconstruction.
Requires ext.!Rsive repair effort before usable for any purpose.

Mode rllte Damu;; c. That deg,:,I'''l of :;t:'\l.~~u.;ai '1amllg~ to prlnclpalload-r.al'rylng mp'!n
bers (trusses, columns, beams, and load-carrying W1!l1s) that precludes effective use of a
structure for the purpose for which it is intended until major repairs are made.

Light Damage. That degree of damage which results In broken windows, slight damage
to rooCing and siding, blOWing down of !lgM Interior partitions, and slight cracldng of curtain
walls In buildings.

3.1 SITE ABLE

The effects of Shots Fir (1.36 Mt), Sycamore (93 kt), Aspen (319 kt), Cedar (220 kt), and
Poplar (9.3 Mt) were observed at SUe Able. The shot geometry with pressure contours and test
stations for this site is sho"lI In Figure 3.1. The air blast and subsequent watar wave from
Shot Fir swept the island free of all vegetation. The extent of inundation from Shot Sycl\.more is
shown In Figure 3.2. The effects from Shot Poplar which exposed the Island to air blast pres
sures greater than 1,000 psi completely deatroyed aU man-made station::.

3.1.1 Item 1, Station 1341, Castle. A three-story, reinforced-concrete, photographic bunker,
constructed during Operation Castle (1954), was designed for an Incident air overpresl!ld't! of 50
pSi and a reflected pressure On the fr<Jnt face of 130 pSi. A factor of safety of over 2 was used
In the design; therefore structural failure at reflected pressures less than 260 psi would not be
expected (Reference 2).

This station was severely damaged and left in a weakened conditio!. as a result of Shot 1
(Bravo) of Operation Castle, Which subjected It to about 130-psl all' overpre8sure. A 9$-psl
overpressure from the Romeo shot (Operation castle) caused ackUtional damage, destn: ylng
nearly aii of lile llr£;".iol.ll.i1 C::J.I'1:'.ged 'hIM story and making the stallon unsultabl.e for cllcupancy.
No additional clanll&,.'(e was Inflicted during Operation Redwlng (19;)6).

rlgure 3.3 sllows that blast effects from Shot:' Fir, Sycamore, Alpen, and Cedar Inflicted no
additional damage. However, the IIlgh overJirElslure level of 35:: psi from Shot Poplar sheared
the second floor from the str~dl:re, as shown III :FIgure 3.4.

3.1.2 Item 2, Statton 560.01, Redwlng. A reinforced-concrete shelter was constructed and
not damaged during Operation Redwlng (1956). The general plan and elevation for this I: ructure,
Including film-badge locations, are shown In Figure 3.5.

This i"t\ltlon was located In an estimated 30-, 6-, 12-, 10-, and 1,200-psl air-overpressure
rango tr'Jm Shots Fir, Sycaml)re, Aspe.l, Cedar, and Poplar.

Pre- and post-Fir photographs (Figures 3.6 through 3.9) show the effect of WlLter waves and
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FliUre 3.2 Extent of inundation on SUe Able after Shot Sycamore.

FilUre 3.3 Post-Fir, -Sycamore, -Aspen, and -Cedar, (Item 1)
StlltlOIl 1341 on SUe Able, no addltlonal damage. Pr'@8SUrft levels:
FLT, 20 pSl; Sycamore, 4.2 pslj Aspen, 8.5 psL; and Cedar, 7,0 pai.
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air blast on the Immediate area. The telephone pole adjacent to the Itructure was broken at the
roof lint. Although Lhe door of thll structure coullt not be lealed ttahtly due to fUlly leatlng,
It Is ..Iumed that the prellure build-up within the ltatlon wal IUiht. Three one-hundred-watt
light bulbi fa"tened to the ceiling did not break, Indicating that the prellure within the staHon
wall very low. Three Inches of mud covered the {loor and hllh water mark WIlS noted 1 foot 8
Inchel above the floor. The sand b;ags were strewn about the entire area, the top of th{' bi:, iO

was loweraci 2Ie"", lind the earth mound In front of the atatlon was reduced 7 (l!et In helghl.
Indications were that at leut 3 feet of water had bften confined within the cIrcular berm area.
Pre-Fir, PI)lt-Flr, and post-Sycamore profllea of the Iliand between Statlons 560.01 and 1519
.re shown In Fllure 3.10.

Shotl Sycamore, Aspen, and Cedar had no notlceable addltlonal effects on this ltatlon as
would be expected by observing the small overpressures resulting from theae Ihotl. It Is allo

Figure 3.4 Post-Poplar, (!te'll 1) Statlcn 1341. Pres'IUre level: Poplar, 350 pst.

evident from Figure 3.10 that Shot Sycamore caused very little, If any, addltlonal erosion.
The strucLure was com]:>!etely destroyed from the effects of Shot Poplar. Figure 3.i1 whows

there was hardly a trece that thb atructure once existed and only a slight trace Indicating the
locatlon of the circular eut" berm th~t once surrounded the structure.

Radiation valueli within the structlH'e for lS,.0[8 Fir, SYClllllure, All" Aopell IU'tl l~....." ... Tooiule
3.2.

3.! 3 Item~, Statiolls 152.01 and 153.01, 1b!dwl'I!I'. Two steel beams, OM an 8-lnch, 67-lb!ft,
wide-flange beam, 10 feet 8 Inch"l lllng, and the other an 8-by-S:'lnct., 56~9-lb!ifangle~ Gieet
8 Inches long, were erect\ld as test drag-type structures and were undamaged during Operation
Redwlng (1956).

These stationE. received an estimated air preSliure ol 30, 6, 12, 10, and 1,200 psi from Shots
Fir, Sycamore, Aspen, Cedar, and Poplar, respectively. The stations were undamaged from
the lh'st fOIi;' , -',lt9 except for slight erosion of the soil aroand the concl'ote foundaLons, (T>'I~.. rp.
3.12); hoV/tlvel', the force from Shot Poplar destruyed the steel drag members, leaVing only the
co~:!'..te bases (F!gul'e 3.13).
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Figure 3.5 Plan and elevation including film badge locations io':
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Figure S.11 P08t-Poplar, (Item 2) Statlon 560.01, complete
de8trucUon of i1tatlon. Station 1341 can be 8een In background.
Pre88ure level: Poplar, 1,200 p81.

!'lgure 3.12 P08t-Fir, (Item 3) Stations 152.01 and 153.01.
Pressure lev~l: Fir, 30 p8i.
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3.1.4 Item 4, Station 11)19, Redwlng. A reinforced-concrete, photographlc atatlon approxl··
mateiy 24 !eet long, 9 feet Wide, and 7 feet high and weighing 50 tons was constructp.d and un
damaged structurally during ()peratlon ReC:wlng (1956).

This station was located In an estlmated 37-pal overpressure rallj!:e (rom Shol Flr and \\'as
displaced 11 leet hortzontally away {rom aurlace zero. A post-Fir view Is shown in Figure
3.14. The pressures of 6.8, 14, and 11 psi from Sbots Sycamore, Aspen, and (;edar, rt'spe(,
tively, caused no further damage or movement. The very-high overpressure of 1,700 psi frum
Shot Poplar compleltlly destroyed this station.

3.2 SITE CHARLIE

The effects of Shots Fir (1.:;6 Mt), Sycamore (93 kt), Aspen (319 kt), Cedar (220 kt), and
Poplar (9.3 Mt) were observed at this site. The shot geometry, with pressure contours and test
stations, Is shown In Figure 3.15.

The air blast and water wave froM Shot Fir swept nearly all vegetatlon {rom the island. In
undation caused from Shot Fi!' extended past Station 78.01 as can be seen In Figure 3,16. AUght
steel tower, shown lR Figure 3.17, was located In the 25-psl air-overpressure range of Shot Fir
and was complet~ly destroyed, leaving no trace of the structure.

3.21 Item 5, Slatlon 78.0\. 1319 Red\\1nll. A rplnf!'':'!'lcd·t'"n('ret~ timing statton, cctl!!tructed
andundamaged d":l,lg Operation Redwing (1956) was modified for use in Opel'atlon Harduck (1958)
by adding a new entranceway and mounding earth over the old entrance and retaining wall.

Thts station was located in an es~~;._••.::: ;;5-, 6.7-, 14-, 11-, and 50-psi air-overpressure
range for Shots Fir, Sycamore, Aspen, Cedar, and Poplar, respectively. However, the slruc
ture apparently received no structural damage from any of the shots. The general plan including
locatlons {or accelerometers and fll,:n badges is shown in Figure 3.18 while the data obtained
{rom the radlatlon measu!·cmeu.o are llhow~ In TI',ble 3.3. The data obtained {rom the air
.:lverpressure gages shown in Figure 3.15 are presented In Table 3.4. No records were obtained
from the self-recording accelerometers located In th18 structure.

The structurA, Including the earth mound over the structure al'ld 11ght steel structural mem
bers used for gUiding a gulllotlne-tYIJe gate over the entrance, Is ..hoWD In Figure 3.19 prior to
Shot Fir, In Figure 3.20 after Shot Fir, and In Figure 3.21 after Sh;>t Poplar. For Shot Fir it
appeared that the water-wave run-up on the side of the mound facing lIurlace zeJ''l was 5 to 6
feet vertically (see Figure 3.20) and that the passing wave reached a Might of 1 to 2 ftltlt .... uiJ

served by the water marks on the earth mound. A heavy, Interior steel door was knocked off
its pin and socket hinge from the shock effects of Shot Poplar.

3.2.2 Item 6, Statlon 1200, Castle. A reinfo!'ced-conc:oete, earth-mounded structure was
constructed during Operation Castle (1954). The structurtl, situated in the l$O-psl alr
overpressure range, was damaged from Shot 1 (Bravo) of Castle; porUons of t.le parapet and
retaining walls at the rear of the structure were torn off by the blast. No addltlonal damage
wae received dUring Operatlon Redwing (1956). The earth cover around thi6 station was removed
aIter Operation Redwlng.

This station was locat.ed In the 20-p... 1 alr-eve ...prcszure l'ange for Silo! Fir and ret'~!ved

slight additional damage.. A retaining wall prevlouflly damaged was forced over, leaving only
the reinlCJr.ing steel holding the cracked portion to the main sectlon (Fir Jres 3.22 And 3.23).

Nil lWdltlonal ~m~.lI:C! as the result of Shots SycamMP "nd A/lpen was o"'!prv~''!. 'The station
appeared Intact as observed by distant observation after Shots Cedar and Po~lar which caused
press:.Ires of 7 and 32 psi, respectively.

3.3 SITES FOX AND GEORGE

These sites Wllr'· exposed to Shots Maple (230 kt) and Redwood (412 kt); however, the destruc
tiveness of Sh~t .~'uple was such that no sign~lcar.t additional damage was Inflicted ily Ghat Red
wood. Site Fox 'ws completely Inundated by the water wave generated trom Shot Maple while
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F!t'-n"e 3.:L3 Pa~t-Poplar. (1t..m 3) ~Jtations 152"01 and
153.01. Pressure level: Poplar, 1.200 psl"

FIgure 3.14 Past-Fir. (Item 4) Station 1519. Pressure
level: ~lr, -,., pel.
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~.~ttl.....,~~~----"l11
~.:.~ ,,", .. ~ - ,-

.....' ",
., -:.: .-"-.

Figure 3.1C :- ~..;( ~'ir, Site Charlie, extent of inundation.

!'.~"~. ,. .-.
:diib8n.r'~tt~;.~~l'E'7h~.

Figure 3.17 Prcshot, steel towel' on Site Charlie;
completely destroyed by Shot Fir, 25 psi.
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Figure 3.18 Plan Including accelerometer and fUm badge locations
for (Item 5) Station 78.01, Slte Charlie, Redwlng Station 1319.

Site George was partially washed over. The shot geometry with pl'essure contours and test
statil'all for tile two sites are shown in Figure 3.24.

3.3.1 Items 7, 8, and 9, Stations 2410.01, -.02, and -.oa. Th.r..e IdentL.::al timber shelters
mounded over with earth were COMt:,"·-~(?rl "urlng Operation Hardtack (1958). A typlcal preshot

.~:
Figure 3.19 PrC!lhot. (Item 5) S~U~~ 78.01, SUe Cb!!"lIA.

view's shown in Figure 3.?5 and typical post-Maple view (pressure level, 85 psi) in Figure 3.26.
All three structures were completely destroyed and the earth mounds over the structures were
washed away by the blast and water-wave forces of Shot Maple.

3.3.2 Ite!'" tr:, Stations 50.01, -.02, -.03, -.04, -.05, and -.08. Six water-wave gages were
constructed an:a-located as shown In Figure 3.24. Tile structural detalls of a. typical gsge are
sho'trI In Figure 3.27.
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FilUre 3.20 Polt-Fir, (Rem 5) Station 78.01. Prellure
level: Fir, 35 pll. Arrowl l~icate extent of inundation.

\. :

;~;:.';. <jc~:':r~;:' "~
. ...,.).".

FlIUre 3.21 Post-Poplar, (lte-n 5) Station '18.01. Prellure
level: Poplar, 50 pall.

Fleure 3.22 Pl'elbot, (Item 8) et.tlon 1200, Site CbarU.
looklng toward surface zero.
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TABU; 3.? REC'OROEO RADIATION WITHIN STATION 51\0.01 (ITF.M 2)

!lee Figure 3.5 for a detailed ~ocl\tlon of (\1m badlel.

Plan of Film- Badge Locations
SZ

JAJ.........--.B --ojc •• G

I' E. .

• Film badge located 3 feet above floor
J( FUm badge located on ceiling

Shot
__-:- :=-__-....:R;;:artIC,!Ion. r. at Film-Badge Locatlona

A B C 0 E F G
a· bt ~r a* ht _~~__~!. __~ ._bJ_ . _a'-·_.....::b'-t__~_ =t__d_~.

Fl.'
Sycamore
Aspen

4.1
0.60

20.0

5.0
0.10

22.0 4.8 4.8

3.0
0.15
3.4

3.0
0.09
2.3

3.0
0.09
3.2

6.0
0.15
5.2 4.4 2.5 2.6 2.2

• Plane of badge on surface of wall or ceiling.
t Plane of badge normal to both wall and ceiling.
t PI8Ile of badge normal to ceiling and parallel to short wall.
I Plane of badge normal to ceiling and parallel to long Willi.

F~re 3.23 Post-Fir, (Rem 8) Statlon 1200. Pressure
l<,vel: Fir, 20 pal. •
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All thr wave ltatlonll .urvlved the eHectl from all' blast and water wavel generated from
Shot Maple; however, Station tlO.04, which weighed about 10 tonI, wal th~own appl'oxlmatel.y
300 feet. The footing o( Slatlon 50.01 was cracked vertically. A preshot vlew of Stations 50.01,
-.02, and -.0:' II Ihown In FI&'Ure 3.28 and a post-Maple view In Flgurt ~.29(a). A lal'lo con
crete block welghtng approximately 15 tonI (Ihown In tbe foreground o( Figure 3.28) was thrown

Figure 3.25 Preshot. (Rem 8) Station 2410.02, SIte Fox.

approximately 150 feet by the lorce lrom the water wave generated by the .hot. 'rhe flnal ~l
tion can be .een In FIgure 3.29(a). However, no strl1ctural damage 'vall ob.erved (or thIs block
whlch wu located In the 340-psl range (rom Shot Maple.

Thes••tatlon. were subjected to thermal radIation with values rangIng (rom 400 cal/cm l to
1,200 cal/cml (or Shot Maple without noticeable effects. Shot Redwood then .ubjected the .lations
to hlglier value. of thermal radlatlon rangIng (rom 800 cal/eml to 2,000 oal/cm l •

FIgure 3.26 Post-Maple, (Item 8) Statlon 2410.02. Preolure
level: Maple, 85 pII.

As a result of Shot Redwood, the two closest statlons, 50.01 and 50.02, were destroyed. Sla
tlon 50.03 was moderately damaged; the leeward pipe of the gage tower buckled laterally, leavIng
the "oIo'llole tow.·~ tilting away (rom lurface zero. Station 50.04, whIch had ltl base completely
expo8ed (I. r.: •.. was not burled) was wa8hed to the fa.. side o( the Island. Sboti"ns 50.05 and 50.0ii
rer.alned unaamaged.
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Statlon 50.03 which lurvlved both shots II lhown In Figures 3.29(b) polt-Maple and 3.29(c)
polt~Red·"OOd.

3.3.3 Item II. Statlon 1810, 1830 Redwlng. A relnfor"ed-ct'ncrete IheUer WIlS nhabll1tated
for ulle In Operation Hardtack and a large plywood room added to the statlon between the e!tlltlng
structure (Redwlng 1830) an" Station 1030 (Redwlng 1528).

A pre- and POllt ·Maple vI"w of the Itructure II Ihown In F\iUrel 3.30 and 3.31. The blast

,~ ..... • 1IilII"1IIIiI1O"-",,\_~._ .

F\iUre 3.28 Prelhot, (leem 10) Statlonl 50 Ill, -.02, L'\d -.03,
Slte Fox.

effects (14 psi) destroyed the plywood room but caused no structural damage to the exlstlng
reinforced-concrete structures.

No Addltlonal damage was suslalned as a result of Shot Redwood.

3.4 SITES SUGAR AND TARE

The effects of Shot Nutmeg (24 kU, Hickory (13.4 kt), and Juniper ;63.8 kt) are reported

'.-~.....

-;;.

-"

,~
••

Flgul'cl :!.29(a) Polt-Maple, (Item 10) St;.t~Q:-03 50.01. -.02, ~ll.'; -.v.i.
Prellure levell: Mlple, 350 pel, 260 psi, and 190 piI, rllpectlvely.

"ereln. The I>I10t geometry, with preSlure contours and test slatlons for these sites, Is shown
In Figure 3.32. A post-Nutmeg picture, Figure 3.33, taken from above surfllce zero shows most
of the test slatlons. A comparison of Figures 3.34 and 3.35 shows the darr.age to the timber bulk
head and sandbags I,icated at the end of Tare before and after Shot Nutmeg. Severe shock from
the flr&t shot C'f.;,:",ed the recording disks for bo.h air-overpressure gages, the locatlons of
which are shown In Figure 3.32. However, the records were pieced together and the recorded
result.' '.'f Statlons 174.33A and B were 265 psi (estlmated peak) and 310 pel, respectlvely, while
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tbe predicted prelsurea for tbue two locatlona wet'. 330 pal and 310 pll, re.pectlvely.
'lhot Hickory had no Ilppreclable effect on the Island or any uf the .tructurel on the I.land.
fho eut end of Site Tare WIll levllf'l!ly wuhed by tbe flflecta of Shot Juniper .. ('pn be ob

served In Figure 3.36 llhowlng that Items 14, 15, and 16 are now located In water, while Item
17 la no., located on the high tlde line. No Itructural dl.maae wu Imparted to any of tbe "truc
turea.

··'1
Figure 3.28{b) ~t-Map1e, (Item 10) Statlon 50.03.
Pressure level: Maple, 1110 pal; 800 cal/cml •

3.4.1 Item 12, Statlons 2200 and 2250. Statlon 2200, a reinforced-concrete, photographic
bunker wal originally construct.ltd and remained undllmapd during Operatlon Castle (1954). The
atatlon was rehabllltated with addltlons for Opentlon Redwlng (1956) and received dl.mage only
tu several adjoining retainI", walla. For OperaUon Hardtack (l958), the atatlM waR acaln re-

"i~~.-,. ':- ....

FIiu~'e 3.29(c) Polt-Redwood, (!lem 10) Station 50.03.
Pre••ure level: Redwoo..1, 380 pII, 1,.00 ca./em l •

hablUtated with more addltlolls. A 150-foot dllllnostlc tOWIlr designated as StatlOI} 2250 was
ere~ted atop Statlon 2200.

The statlona were located In the 8.2-psl range from Shot Hickory and minor damage was re
ceived by the elp-vator cab of the tower. No damage was incurred from th~ other shotl!. A gen
eral posts'lot picture Is shown In Figure 3.37.
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3.4.2 ltf!m 13, Station 2Z10. A reinlorced-concNte, l&4d-mounded connector pit witb tlte
Ircnt wall lloplQg at lYa to 1 on the Ilde lacing the aera ltation ... conatru,,;:tI!d during Operation
1kre.'Mk (1958). The walla (except the Ilopllllll'Ol\t wall) were about the lame size and contil
uratlOll u tboH of the _tructure _/Iowa In FlguN 3••1.

Tbla structure wu located In the .IUDlated 170-, 90-, aad .30-.-1 air -oveJ1lr...ure regle,n

Plfure 3.30 Prelbot, (Item 11) Station 1810, Site GIorp.

for Sbota Hutme" Hlckor" and Juniper, relpectl••l" 1D4 ... DOt cIamApcIltructurall, b, an,
01 the lbota. A view of thla lII~rllCture prior to beilll mounded 1Ilth IIDd 18 aboWll In rteure 3.38.
Sand WUI plac&d level with the roof 01 the .tructue.

3•••3 Item I., Station 2270. A Imall, relnlorced-eOllcrete cocuaector pit mounded over w~tb

)'taure 3.31 Poat-llaple, (nem 11) 8tat1oD 1810. Pnuure
level: Maple, 1• .-1.

tar.e wu CORlUucted dur1rw OptoI'ltUon Hardtac:" {=':J:l8). A I'uabot _i";lN"& tba ltatlon prior t<>
belal covencl with land II lbown 1n Figure 3.39.

Tbtl .tatton ... located in the elUmated 490-, 2110-, and I,fOG-pal overpruaure rure for
Sbota HutDulI, Dlckor" aBel Juniper, relpecUvel,. E.en tbuUlh the ltatloD .... dplIlMCI to
extremel, ~h overprellures It ... not damapd structurall,. A poat-Jun!ger .lew 0( th1a
Itructure lJ I'ltloWll in Figure 3.38.
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_l'\~;;f'\:,~·,~£~. ~;ir:~r%~~'t~~f, .
···:-;:~:i;iH;~~i,~~

Figure 3.34 Pre.bot view of timber bulkhead and saud bags
at west end of Site Tare.
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r~ ~~~;'.,~.

--.'''''---

;',."'"

Flgur~ 3.35 puat-Nutmeg view of timber bulkhead ;1.'1<1 sand bags
at "':~d~ end of Site Tare. Pressure level: Nutmtrg, 650 psi.
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Figure 3.;1" "'..~.-Juniper view of east end of Site Tare
looking toward surface zero.

- ,'"

/ {~).

,:}!;-~;ti~Y'i~1
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:::;,:~iSlr,.
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FigUre 3.37 Post-Nutneg, (Item 12) Stations 2200 ar.:1 22~O.
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Figure 3.38 Preshot, (Item 13) StatlOIl 2210, Site Tare, prior
to being covered with sand.

FigurE' 3.38 Presoot, (Items 14, 15, and 16) Stations 2270, 22l.'0.01,
all': ..;,.JO.02, Site Tare, prior to being covered with sand.
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Figure 3.40 Foal-Nutmeg, (Items 15 and 16) Stations 2230.01 and
2230.02. Pressure levels: Nutmeg, 350 and 320 pal, respectively.

.......

,. --.., .... .·"L-.·r.J:-
'Oo

11'111 1 II~ ~~......
II t.._..

~.- {

'" -- ,1

1=- 1
I~' ~=-"- ....

~ ~"1 111 .b: ,...··M
~~

I ... ..- ...
•

....L.

I
I

-r~

HCllO" A-A

Figure 3.41 Plan and elevation includlng the location of -seU:recordlng
accelerometers for (hem 16) Station 223(;.02, SUe Tare.
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3.4.4 Item 15, Station 2230.01. A reinforced-concrete detector structure was constructed
during OperaUon Hardtack (1958). For practical purposes the plans for this statlon were the
same as those lIhown In Figure 3.41 for Statlon 2230.02 except that the walls were 6 Inches great
er In thickness.

This statlon was localed In the estlmated 350·, 200-, and 1,050-psl alr-overpressul'll rli>n~!l

for Shots Nutmeg, Hickory, and Junl.j)8r, respectlvely, and was undamaged. Howevel', t!J.e
structure sottled 5 Inehlts and moved -1.5 Inches toward surface zero after Shot Nutmeg. Com
pa1"able meuurementa after the other two shots are not avaHable. For a general preshot VlillW
of this structure prior to being mounded with sand, see Figure 3.39. A post-Nutmeg view, In
cludllll tbe removed closure plugs, Is shown In Figure 3.40.

3.4.5 Item 16, Station 2230.02. A reinforced-concrete detector structure was constru,~ted

during Operation Hardtack (1958). The plan and sectlon for this structure. Including the locatlon

Figure 3.42 Post-Nutmeg, (Item 16) station 2230.02, close-up
of damaged 42-Inch corrugated metal pipe. Pressure level:
Nutmeg, 320 psi.

of self-recording accelerometers, are shown In Figure 3.41.
TIlls statlon was lo,."t('{l In i!1A Alltimatd 320-. 180-, and I,OOO-psl air-overpressure "anlle

from Shots Nutmeg, Hickory, and Junilt'lr, rellptlcUvely.• and was ulldaDU&ged. Howe..."", selll
water tbat leaked past the closure plugs Into the structure as a result of the water wave from
Bhot Nutmeg corroded the recording dlsks of the acc~leromoters, thus c.l\l81ng a loss of the data•
•~ ;~:";tl!"n!, presho~ vlew of the structure and the attac..cd -12-lncb, round, ":.iu\.I6.t6d-metal pipe,
pl'lor to being mounded with sand, Is shown In Figure 3.39. Damage to the pipe after Shot Nutmeg
Is shown In Figures 3.40 and 3.42.

3.4.6 Item 17, Station 630.01. A reinforced-concrete instrumentation pit was constructed
during Operatioll HHdtack (1958).

The staUon \,.:;~ :dtll&ted In the estlmated 210·, 120., and 560-pltllllr-oVerj;re::el!!'e range
from Shots Nutm'!g, Hickory, and Juniper, respectively, and suffered no apparent damage.
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Chopl" 4

RESULTS: ENIWETOK ATOLL
This chapter pertains to the results obtained at the Eniwetok Atolli however, the introductory
remarks of Chapter 3 are appllcable here &8 well.

The general test resulta and description of the statlons investllated at Eniwetok, inclUding
estlmated peak overpressure, duratlon, free-field gamma radiation, and floor-slab acceleratlon
where applicable, are summarlzed in Table 4.1.

4.1 SITES GENE, HELEN, AND lP.ENE

The effect" of Shot!! Koa (1.38 Mtl, Yello~ (!o\C Ittl, T"hacco (11.7 ktl, W'lJ!'.ut (1.4.5 ~ft),

Elder (940 Itt), Dogwood (397 kt), Ollve (202 kt), and Pine (2.1 Mt), are reported at these sites.
The shot geometry, with preaaure contours and test stations, is shown in Figure 4.1. The de
tailed informatlon concernin~ t........H..:ds on the various stations from each shot is presented in
Table 4.1.

Small craters ranging from 30 to 60 feet in diameter and 6 to 10 feet daep dotted site Irene
and were generally located near the long pipeline extending from Station 1410 to ground zero.
It 18 beUeved that these craters were of the Impact type (as indicated by Wide, flat bottoms) and
formed by missiles (possibly concrete blocks used for the pipeline foundation or pieces of coral)
resulting from Shot Koa. A typical crater of this type is shown In Figure 4.2; the concrete block
In the picture was one of the foundation blocks for the pipeline.

4.1.1 Item 18, Station Complex. A reinforced-concrete recording statton was constructed
during ~ratlon Redwing (l958) and received no major damage during t"::t operation. This
station was rehablUtated for use In Operation Hardtack (1858), and various parllll vi Ii. U....~I'"'.lOU
as Statlons 73.01, 1314, 1524, and 1811. The genEral plan for the station complex and other ad
joining stations is shown in FIgure 4.3.

The highest overpressure received by the complex was an estimated 42 psi from Shot Koa.
The interior of the station was .IOt damaglld by any :>f the shote. The relnforced-concrcte 'Iring
wall located at the entranceway (FIgure 4.•) was sligbtly cl1lcked prior to any of tbe shots. Tbe
wing wall was not keyed to the strl&cture nor was reinforcing sieel used to tie the two together.
The wall was side-on to the blast wave from Koa (fO-pai range) but received no additional damage.
Tbe same wall was face-on to tbe blast from Yellowwood (11.5-psi range) and was cracked loose
from the maln structur-:. Tbe vl!l'tlcal craclL W&8 approxtmately ~4 incb wide and extended the
enUre height of tn'! wail (FlgurQ 4.5). The wail failed from tho tace-on blast E!t!ects or WAlnut
(28-psi range) and el'llcked lOO8e at the ~ntersectlon of the ground Ilurfac'~ behind the "''all (Figure
••0). Tbe l'emall\ing sbota bad no additional ~ffecta.

The res\:ltfl obtained from lhe film badges 1,- ('"h'd as shown In !'!:,=,,!"e 1.3 'lre soown in Table
4.2•

•.1.2 Item 19, Station 1525. A reinforced-concrete diagnostic station was constructed during
Operatlon Ha.'.'dtack (1958). The general location of this station' Is shown in Figure ••3 and the
detailed plan and elevations are shown in Figure ••7.

Tbl& :;t;.· '"n received the bigbest estimated overprellsure of 42 psi f:"lm Shot Koa. Th" .i";;

falning wall tntegral witb the front wall of tbe sU>uctunt was severely cb.maged by face-on air
i'\ast from Shot Koa but received no additional damage from Shota Yellowwood or Tobacco. Ho'¥
evel', ORe end of the wall was destroyed by Shot Walnut. A preshot view of tbe front wall with
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TABLE 4.2 Rt:CORDt:D RADIATiON WITHIN STATION COMPLEX (ITFM 18)

see Figure 4.3 (or detailed location of fIIn' ha':3e&. All 1>lPiges are located 3 feet above fioor
level with the plane of the badge on the surface of the wail ellcept aa noled.

Plan of Film-Badge l.ocallon8

Shot
Radlallon, r, at FUm-Baage Locations

A AI' B C D E F G H

Koa 90.0 46.0 4.90 1.02 0.52 0.17 0.12 0.11
Yelh,,,·wood 44.0 220.0 5.00 o.~o 0.10 0 0 0
Walnut 800.0 950.0 130.0 7.85 i.80 0.77
Elder 700.0 700.0 6~0.0 44.0 10.2 1.80

• Plane of badge norma; :. J_:i. .. all and ceiling.
t Plane of badge on back side of I-beam stiffener of blast door.

It

830.0

FliUre 4.2 P08t-Koa, typiCAl impact crater, 4,ROO feet from
ground zero.
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PLAN

l

Figure 4.3 PL.n of station complex on Site Irene.

Figure 4.4 Pre.hot, (Item 18) ltation complex,
entrance and crack in wing wall, SUe Irene.
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-.,; . . .
. ~-

". . ...
Figure 4.5 Post-Yellowwood, (Item 18) statlon complex, close-up
of entrance and cracked wing wall. Pressure levels: Koa, 42 psi;
Yellowwood, 11.5 psi; and Tobacco, 1.9 psi.

Figure 4.6 Post-Walnut, (Item 18) atation complex, cion-up of
wing wall failure. Pressure level: Walnut, 28 psi.
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its p'linted surface is shown in Figure 4.8. The retaining wall cracked around the outline of tne
side walls and ceiling oC the structure as shown In Figure 4.9. The diagonal cracks lr.dlcate ,he
bending Cailure oC the wall. A side view is shown in Figure 4.10. The damage from Shot Walnut
is shown in Figure 4.11. No significant damage was observed from the remaining shots.

Thermai radiation burned the paint oCC the structure, as can be observed by compll.rlng Fl@:ures

Figure 4.8 Preshot, (Item 19) Station 1525, Site Irene.

4.8 and 4.9; the total thermal radiation was approximately 350 caVcm2•

4.1.3 Item 20, Station 1311. A reinforced-concrete detector station was conlltructed during
Operation Hardtack (1958). The general location of this station is shown in Figure 4.3 and the
detailed plan ..nd elevations are shown in Figure 4.12.

. ,;,'.. '..
~..

Figure 4.9 Post-lCoa, (Item 19) Station 1525, b ...~e-on view.
Prellsure level: ~oa, 42 psi; 35;; cal/cm2•

The highest overpressure received at this station was an estimated 42 psi Cram Shot Koa.
The station was structurally damaged mainly from the effectS oC Shots Koa a!'ld Walnut. A pre
shot view of t.he retaining wall Cor this station is shown in Figure 4 13, a post-Koa view Is shown
ill Figure 4. 1.4, and a post-Walnut View is shown in Figure 4.15.

The ta~ rmal radiation (and sand blast) had seme surCace effects on tne rtoi.aiilll'.g wall; the
thermal radiation was approximately 350 cal/cm2.
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The entrance to this station was nearly f11led with sand as the result of Shot Koa, as shown by
comilllring Figures 4.16 and 4.17.

The plain-concrete floor of this station was badly cracked and the flvll 24-lnch pipes entering
this lltatlon were forced Inward about 2\14 Inches (Figure 4.18). The crack pattern (shown In
Figure 4.19) Indlcater lhat the existing foundation underneath part of the floor gave additional
support to that portion.

,-. -';~",'
-..- ......-'..-. -;:~?:~-~;~~~'~., ~;~.::;t~

Flgure 4.10 Post-I"..._, (i...:m 19) Statlon 1525, side-on view.
Pressure level: Koa, 42 psi.

4.1.4 Item 21, Stations 1211 and 1410. A reinforced-concrete structure situated at the
Irene terminus of a large pipeline from Gene waa erected during Operatlon Hardtack (1958).

The highest pressure received by this statlon was an estlmated 43 psi from Shot Koa. The
structure waa not damaged structurally by any of the shots. However, the earth cover on the

. . .... .... :.-.

;-~~'jV~!\.
Figure 4.11 Post-Walnut, (Item 19) Station 1525, retaining
wall faUur'!. Pressure level: Walnut, 27 pst

side of the structure facing surface zero for Shot Walnut waa blown and washed away, exposing
the concrete walllll"lrface (Figures 4.20 and 4.21).

A preshot view ,.'f the 5,200-foot-Iong pipeline leading from this station to ground zero Is
shown In FlgUl-, ..~2. A pllstshot view Is shown In F1~re 4.:13. Only about e~o f~llt of pipe
farthest from ground zero remained In the area and connected In one piece after Shot Koa. This

76

SECRET



·!"i t I

~, ':, I

5 I
. ..

~
I .} .' ..
F 1· z

~ ~ " " 0

" i
I ! <:

~ , .. <>

~ '": -Wi '"" I
r- ,,', ,0.' .", \l

.0",11 ~ ..r't;

'l'
'"z
2
t-
o

~'"'" Gl

'"....
.s
Ci.l
..:
~...
6
:::l.s
CI.l

0-
'='1

a
Gls
'".e
III
Q
0

~
>
~

Qj

')!
01
Q
01
ii:
'='1...
~

~
&1,
~

... .0.1.l".01

••~n "1

..\
~I z..
..' J

Q.

I
I
i
!

I
I
r

~I
II!

I
I

I
I
j

.0','

I
~

I ,

.0-.0"

.0-,

.'-,'".,.....

,,-
-:..~- ~ -'/'" -." .

77

SECRET



Figure 4.13 Preshot, (Item 20) Statlon 1311,
view of retaining wall, Site Irene.

''l''.'';',

,CiJ,i'..:..,;.
.~.:::wr ...

..

~ •• i ~,' .'

••~>;:

, . -. . . ~
\. _ .. _.! "ti. -. ."\ .

. ' .

.,' r1i
. " \ . . ~ ..

":' ~. C'" .~_r\~d' -..

Figure 4.14 Post-Koa,
view of retaining wall.
350 cal/cm2

•

(item 20) Station 1311, face-on
Pressure level: Koa, 42 psi;
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Figt:;:c 4.15 Post.',':::tnut, (r~t"li ;aO) Statlor; 1311, face-on
view of retaining wall. Pressure leve!: WRlnut, 211 psI.

,..t

. ,,'

..'

.W

,~....., ..~.,

'.',:j
~ :: (..,.

:~i~"'"''''
·'to'

F'igure 4.16 Preshot, (Itom 20) Station 1311, entrance, ~ltl' Irene.

79

SECRET



~

Figure 4.17 Post-Koa, (Item 20) Station 1311, entrance.
Pressure level: Koa, 42 psi.

"lb"re 4.18 Post-Koa, (Item 20) Station 1311, 24-lnch steel
pl.pes pushed inward 2~/6 inches. Pressure level: Koa, 42 psi.
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Figure 4.19 Post-Koa, (Item 20) Station 1311, crack pattern
in floor. Pr~ssure level: Koa, 42 psi.

Figure 4.20 Pre8hot, (Item 21) Stations 1211 and !flO, view
of side wall facing surface zero, Site irene.
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'.

-.ti
Figure 4.21 Post-Walnut, (Item 21) Stations 1211 and 1410,
viE''' of exposed side wall. Pressure level: Walnut, 26 psi.

Figure 4.22 Preshot, pipeline to ground zero, Site Irene.

Figure 4.23 Post-Koa, pipeline ttl ground zero. Pressure
level at near end: Koa, 45 psi.
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\>Ill·tion was thrown Crom the concret'l supports Bnd was bflnt Into a semicircular pattern with ;tn
appr Ixlmale radius of 200 feet. The Hne oC concrete supports Is shown In thp, left portlon of
Figure 4.23, Most of the missing portions of the pipe were thrown Into the area to the rlght In
Plgure 4 '1,3.

4.1.5 Item 22, StatioII 3,4, Castle. A reinforced-concrete, signal terminal pH wli'. a gravel
floor was constructed and undamaged during Operatlon Castle (1954); neither wall It damaged
during Operatlon fledwing (1956),

The highest eshmated pressure received by this station was an estimated 34 pal from Shot
Koa. The station was not dall'lr.ged structoJrally from any oC the shots. However, the hatch Cllver
was not bolted down and the force frOID Shot Koa moved It horizontally }'C inch away from ground
zero.

The plan Cor this station, Including the locations of fUm badges, Is shown In FIt;!I~'l 4.24. The

TABLE 4.3 RECORDED RADIATION WITHIN STATIO}oj 3.4 (ITEM 22)

See Figure 4.24 for dctlllled location of film badges. All badges are positioned with the plane of the badge
on the wall surfllce.

!'Ilm-Bndgc Locations

N

/
(..~:.~/ :'~';~.:; ~.:I
;..::::. D
:;-: ::4.:.j: --....__

I:;::~: C B ff,1 E

:".~:

~:.:

:.~'"

Shot

Plan

Radiation, ,., at Film-Badge Loca\ions
ABC D E

Elevation

Koa.
Yellowwood
Walnut
Elder

6.29
375.0
460.0

1. 77
104.0

6.44
0.68

21.2
35.0

6.79
0.67

18.\l
28.0

8.59
0.65

20.0
21.0

results of the film-badge readings are shown In Table 4.3. The water-wave actlon from Shot
Walnut eroded the earth cover away from this structllre, as shown In Figures 4.25 and 4.26. 'lae
dark area on thA ('onl' ..AI" walls re~I'..~ents the contact lLrea of the pl'asbot earth cover.

4.1.6 Item 23, Generators. Four 7fi-kva, diesel-driven generators (each 120 Inches long,
37 "inches Wide, 78 Inches high, and each we~hlng 6,70(1 pounds), ·.ocllted behind t!lt' statlon com
,k'x, Wefl'! left lr. operation during Shot Koa.

The generators were located 111 the estlmated 38-PSI alr-overpre8llure range for Shot Koa and
were sevel'ely damaged. A pl'eshot VIew of the generators Is shown in Figure 4.27 along with
standard, Navy, steel pontoon sections used as fuel tanks.

The earth mound approximately 15 feet above the ground surface for the station complex
shielded tile ~enerators from the air blast to varying degrees. The generators were located
a;oproxlJl':'~~lY 40 feet from the Intersecti'ln of the mound with t.he grount\ lIudace. Tha g"i.;;r~"

to.r neSi" t r,le edge of the mound (least protected from all' blast) was Ulrown 60 feet while the gen-
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Flpre 4.25 Preebot, (Item 22) Station 3.4. etdlt "lell', Site Xrene.

.~~~~~ ,.
~ --: .. "4:J1t~ .._.. ~ ~ ... ~ -~. ::;.~

. -,:,.~~ '~" .

.~ ...~:.::i-~'. +" ...-.:,.~ .::;'.......... 'IIIII:~ _~ . ~ ~-~ .. "

Fapre 4.2' Put-WalDut, (Item 22) 8taUoD 3.4, ekle "la.
ebowlal ROW'~ ac:tioa of water _ve; cIuk area npreeeDta
ortelaal eutb co"er coataet aren. Preuun lenl: Waluut,
32 pel.

Mcun 4.2'1 Preataot. (aem 23) pDeralore, lite Ir......
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eratar nef rer tile center of the mounJ ;..l;.;.. ' :-"'t£<:!'i!d) _. moved 2 feet. 'lbe other two gener
ator. were thrown dlatancel 01 20 and 40 feel. .... polltahot view 01 the four generatofll Is .!lown
In Figure 4.28 and a close-up of one of the generatora la ahuwn In Figure 4.29. No additional
damage to or movement of the gcneratore occurred aa the relult of Shota Yellowwood (11.5 pal)
or Tobacco (1.8 ~t). The Nil. , pontoon .eeUona were not damaged from any of the ah"ta; how
ever. the air bluts from Shota Koa and Yellowwood IllOved the aecHona apprOJl:lmately 11)0 f~t!t.

Both the generator!> and pontoon l.cHona underwent addltlcn:1! mnvement durlng Shot Walnut
(28 psil. Movement from the remaining shots wal not obIserved.

4.1.7 Item 24, Helicopter Pad. A helicopter pad approxlllllltely 100 by 100 feet, co"etructed
of .tandu'd, interlockl... Iteel landing mat. __ located near tht: statton complex.

Thta ltation __ lubjected to an elUmated air blaat of 38 pSI from Shot Koa, and WlUI Ileverely
damaged. individual plecel ollandlng IIlIlt were bent, broken, and acaltered over a Wide area.
Both the negattve and poelttve pbue of the air blaat acaltered the mat. Pieces were found 400
feet from the orlglnallacalton away from ground zero; other pieces were moved a simllar elll
tance toward ground zero. A poetlhot view of the landl.. mat I. shown In Figure ••30. Decause
of the complete deltructlon reluIU.... lram Koa 1'10 further oblervaHolUI were made for the re
maining lhota.

4.2 SITE JANET

The effecta of Shotl YeiloWWl:llX' ;~ oL' ;":' Tobacco (11.7 /ttl, Walnut (1.45 loft), Elder (940 ktl,
Dotrwood (317 kt). Olive (202 Itt), and Pine (2.1 lit) were obIIerved at Site Ja....t. Shot Koa had
1'10 real eUect at UU8 lite. The lbot geometry and preseure contoure are lhown In Figure 4.31.
The thermal radiation from Yellowwood caU8ed gnel fires in lICattered are... Craep on the
ground IllI1lu:e apparently caueed bf ground Illock fro,., Sbota Koa and YeUowwood were oblerved
thJ'OUlbOut the lite.

4.2.1 Item 25, Station 1312. A large, 4-room, retnforced-e:oncrete recording ltatton WlUJ

conatructed charllll ~ration Ban.tack (UI58). The general plan for thta structUl'>!, Including
the lccatlon8 of the leU-recording alr-overpreaaure gagel and accelerometers, II lhOwn in
Pllure 4.32.

Tb.. sWion was located In an eattmated13-, 3.7-, 33-, 58-, 31-, 21-, and 22-1',,1 ,,17

overpreaaure ....... from SbotlI Yellowwood, Tobacco. Walnut. Blder. Dogwood, Olive, and
Pine, reapec:tlvely, and ~II not <llunaied by an, of the lbota.

The concntte fue of the etn:tture facing lurlaee zero .. pUted froOI the effecta of Walnut
and Elder. The total tbermal r~1aI~un 011 tile face of the Itructure __ awroxlmatel, 275 call
CUi' It\Jm Walnut and 450 cal/cml from Elder. Since th18 statlon ... very cloR to tbe shore
Une, the pitting of the front fue mut to.ave been abDoet entirely the relult 01 surface apalliDI of
the cO'lCrete due to the thermal r:zdtation. Steeleurlaeea expoaed to tble aarue ndtatlon level
01\ the fllCe of the Itructure ebowed 1'10 structural eflectl.

The fon:e of the water w,vee f!'Om !bot W.~ut eroded the 1011 adjace"t to the foundation of
the Itructure to clepttu; of 5 and 6 t~< \1".gII''e ~.,)';i. stlf'l b:ldtif l..-.:i ..... :ldlllllQ.~l a;!:~ .. ~.

The correlation of relalte ollhoek-tube tests on dlffnu:tiuu-IYI* t.!....t. ...a~ 61mi.I;.r at/.lilt.>
of full-I.:ale telts arc complicated due to the eUeeta 01 precu....r and -tusi WadIn: In the fjeld,
..otIlch <ore not prc3..nt In~ lbock tube. Bec:auae c.f the abaence of precunor and chait e"eets
the opportunity was lIfforded at StatioII 1312 to obtain~ on tile effect of a fast-rlle-tim.. p...a
lure pulae on a dUfraction ·type atructure, whicb could be more eUli, compared wttb Ilmilar
relulta of lbock-tube teltl. Therefore, with the ..llIt&nce of perlOl1nel of tile BaUlIticl Be
searcb Laborator'<fta, lpeclal eaortl _re made to obtain blaat-diffractlon data. For a detailed
preaentaUon 01 ttf: dlffrac~lon Itudy, Me Appel¥ltx B.

Tile r-.ll1l~~ . ;llr-overpre.lure mf!l.IIurementl are lbo~'I1 in Table 4.4. Due W malfun~ttol1l

of tM acceler('.meter gages 1'10 acceleration data ,.,... obtained.
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Figure 4.28 Poet-Koa, (Rem 23) generators. Pl"eaallJ'e
level: Koa, 38 pal.

-GZ -....
Figure 4.29 Poat-Koa, (Rem 23) c1oae-up 01 daallCed
generator. t'rear.llre level: Koa, 38 pal.
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4.2.2 Item 26, Station 3.1.1, Greenhouse. A multistory, multlcompartment structure was
constructed during Operation Greenhouse (1951). During Greenhouse the structure was damaged
due to a peak l'eflected air-blast overpressure of about 30 psi from Shot Easy (Reference 9). Tne
all' biaat from Shot Item caused Hght damillte. In general, the damage to the sh'ucture caused by
the MlIte shot of Operatiol\ Ivy (1952, Reference 1) was of the same order of magnitude all that
caused by Shot Easy (Greenhouse). No addltlonal damage was sustained by the structure dUli~"

TABLE 4.4 rREE-t1ELD AIII-oVERPRE88URE MEASUREMENTS. SITE JANET

_ 'taur. 4.31 lor loeaUOIl ollllaU.... 174.21 and 174.31.
ol'GWid

d/Wtll Po.IU.1 MlXlmum
GrUWid

d/W1/1 POIlU" III>.aIIllUDl
allot all..

R__
ft/lltl/l DIIr.t1011 OYIrp....U.. R.... ft/kt'/1 tlW'aUIlII OYIrpre..ure

(~ (d)
110 pal It 110 pol

Slatlon 114.28 (near Blallon IS12) SI.tlon 114.3\ (IIIOJ' 8laU0Il 3.1.1)
Y.Uo..-od Janel ',..' sa. 18.' 8.2•• 1,183 1.... 1.3
T_co 3,'''' J,111 11.119 3,1 I,'::•• JI,8H 0.101 l.8
Walouc '..•' .n 1.108 43.0 8.2M 12. a.o&1 15.0
Eldor S,.M 401 11,0

Operation castle (1954, Reference 10; or Operation Redwlng (1956, Reference 11). The over
all perspective for this structure Is Rhown In Figure 4.34.

This station was located I.n an estimated '(.0-, 1.7-, 16.0-, 20-, 12-, C.4-, anCl 13-psl alr
overpressure range for Shots Yellowwood, Tobacco, Walnut, Elder, Dogwood, Olive, and Pine,
respeeUv<lly. The effects from Tob"r n

, ''''''',? negligible and no further menUon of that tlhot will

- ..•~.~:}-:...-'..,
-~-

... '"t,. .....~ '.

~':.'~ .. ,.-....--.
"lpre 4.30 Poat-Koa, (l1em 24) helicopter pad.
Pre••ure level: KDa, 38 pal.

be made. An overall, pre-Hardtack view of this Btatlon Is soown In FIgure 4.35. A preshot
vlewoi typical dalrage to a first Uoor column (Col. 13C) In Building 5 la clhown In Figure 4.36.
Building 5, a r!'i; "-,:,cPd-concrete structure with wlndow openingS, recelvea more damage fr?Dl
previous opetlUlfJnB than any other of the buildings. The other noticeable damage from previous
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Figure 4.32 ptan Including locations for air-overpressure gages
and accelerometers for (Item :>'5) Station 1312, Site Janet.
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Figure 4.33 Post-Walnut, (It~m :.15) Station 1312, erosion adjacent to
foundation. P~'cssure le\'~l: '~!alnli~, ::5 pld; Eld<!r, 58 psi; 450 cal/cm2

•

operations was found In the roof of Building 4, a relnforced-(;vncrete dhear-wall strur.ture, see
Figures 4.37 and 4.3E.

An overall view of post-Yellowwood (pressure level of 7.0 pl:li) is sho">\!\ in Figure 4.39. By
compa.rlng Figures 4.35 and 4.39 it can be observed that the oil drums and supporting wood
f.'ames (outside cent(or of building) were lightly damaged, int'icatlng that the structure ltself was

Fi6ure 4.34 Overall Derliipective fo~· {"::m 26) Station 3.'.. !, :::~te Janet.

not damaged by the shet. A visual inspection and column-offset measurements (see Table 4.5)
also proved that the structure received no appreciaDle damage from Yellowwood.

The structure responded appreciably to the effects of Shot Walnut (pressure level of 16 psi).
Figures 4.40 a.nd 4.41 show the overall damage, whlcb can be compared with Figure 4.39 for
pre-Walnlj' -':,mage. The corrugated siding on the mellol buildings was damaged seveNI" ~Iljor

damage w:J.s observed in Building 5; damage tv the front face and first-floor columns Is shown m
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Fleure 4.35 Pre.bot, (rtem 28) Statton 3.1.1. SUe Janet.

,
. !

• 'i ~ l

'f:' t- i·

I'Ipre 4.38 Pre.bot, (Item ae) station 3.1.1. Column 13C.
conerete frame building. Slte Janet.
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F\iIlre 4.3'7 Pr"Mt, (nem a8) StaUUD 3.1.1, crack In ceUlDc adJacent
to Column Line 10 of the Ihear wall building looking away from .mace
lero, Slte Janet.

P\iUre 4.38 Pre.bot, (nem 28) Station 3.1.1, crack In (;lldlDc
adjacent to north wall of tile shear-wall bulldlng looldug away
from lurface lero, Slte Janet.

:.,'.

Figure 4.38 Po8t-Yellowwood, (1tem 21\) station 3.1.1. Pre••ure
level: YeUowwood, 7 psi.
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Figures 4.42 through 4.45. A pre- and post.Walnut view of Column 13C can be compared In Fig
ures ••36 and 4.45. The columns In the upper two floors of this building aid not receive C'Jmpar
able da.mage as tiloelr first-floor counterparts (Flgure 4.46). EVidently the first·Unor columns
took ..,ost of the moment and shearing forces whlie the second and third floors moved aWII.y from
surface as a unit (Flgure 4.4.2). The tops of the Urat-floor columns (Columns 13.\, B, C and 14A,
B, C) were displaced h:..rlzuntally apprOXimately 10 Inches away from surlace 101'1'0 with respect
to thc~r bll'lt'~ (Table 4.5).

Figure 4.40 Poit-Walnut, (Item 26) Statlon 3.1.1. Pre..ure
level: Walnut, 16 psi.

The otller three frame-type bulldlngs (2, 3, and 5) underwent very Uttle addltlonallateral
movement (Table 4.5). It should be noted that the lateral movement as shown In Table 4.5 Is
the permanent displacement and not the peak transient deflection. Dllmage to columns In the third
floor of Bulldlng 3 Is sho.m In Figures 4.47 and 4.48. A typl.:al column of Building 2 Is shown In

!i'
-..1

Figure 4.41 Post-Walnut, (Item 26) Statlon 3.1.1, aerial view.
Pl'essure level: Walnut, 16 pel.

Figure 4.49; this picture alao shows the suspended plumb bob that was used In measuring column
offsets. The roof In Bulldlng 6 lifted upward 3 to 4 Inches, tapering to Its normal poaltlon at a
point 7 (lr 8 feet from the front wall (Figure 4.50). The cracked roof sectlon In Building 4 opened
cOIUo-:i, . iWlj, being dlliplaced a maximum of 10 Inches at the center of the sectlon adJ~eent to
ColullJR Line 10 and the north end of the bulldlng (Figures 4.51 and 4.52). The bottom bars (No
4) of the slab faUed In tension as was noted by the neck-down of tlte bars at the point of breakage.
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Figure 4.42 Post-Walnut, (Item 26) Station 3.1.1, close-up of
Bulldlns 5, a relnforced-concrete frame structure. Pressure
level: Walnut, 16 psl.

Fli\lre 4.43 Post-Walnut, (lttlm at) St.aUon 3.1.1, f"'Ont column
of Buildlng 5. Prellure level: Walnut, 16 psl.
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Plgure 4.44 Poet-Walnut, (Item 26}
Statlon 3.1.1, second row 01 <:olumlUl
of Building 5. Pressure level: Walnut,
H! psi.

PIpre 4.45 Poet-Walllut, (Item 21)
statlon 3.1.1, third row of colulllDa of
Bullcllnc 5. Pr",...ure level: Walnut,
16 pill.

87

SECRET



.....Jr. 4.41 PC*t-Walout, (it.m II) Stattoo 3.1.1,
Column laC, HCood floor of Building 5. Pre••ure
level: walnut, ,., ,.l.

Ftsu·~ 4.47 Poat-Walnut, (nem 28) statton 3.1.1, Column SA,
Ii " .: dwr of BuUdlllf( 3. Pre"u"e level: Walnut, J6 pal.
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Figure 4.48 Post-Walnut. (Item 26) Statlon 3.1.1. Column 7B,
third Cioor of Building 3. Pressure level: Walnut, 16 psi.

Figure 4.49 Post-Walnut. (Item 26) Statlon 3.1.1. Column 5C,
first floor of Building 2. Fressure level: Walnut. 16 psl.
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Figure 4.50 Post-W '')\'', (Item 26) Station 3.1.1, roof slab
damage, Building 6. Pressure level: Walnut, 16 pSI.

Figure 4.51 Post-Walnut, (Item 26)
Station 3.1.1, crack in ceiling adjacent
to Column Line 10 of the shear-walt
building looking away from surface zero.
Pressure level: Walnut, 16 1'81.

100

SECRET



The top bars (No.5) held the cracked roof secUon In place.
Shr t Elder (pressure level of 20 psi) caulled additional damage as can be compared by viewing

Figures 4.53 and 4.54 with lo'igure 4.40. The shear resistance of the flrst-floO!' columns of Build
ing 5, the concrete frame, drag structure, was overcome and the upper floo!'s intact settled
down with the second floor girders resting on the collapsed flrst floor columns (Figure 4.55).
The column offset measurements for BuUdlngs 2, 3, and 6 a:-e shown In Tablc 4.5. A frr)llt vIew
of Dulldlol(ll 1. 2, and 3 Is shown In Figure 4.5&. Building 3, the reinforced-concrete (dlffractlon)
structure ulld.H·went additional permanel!t lateral movement, but unlike its counterpart, Building
5 (drag-type structure), the columns on each floor displaced laterally apprOXimately the same
amount and showed SlgliS of damage (Figures 4.57, 4.58, and 4.59). The rear wall of BuUdlng 3
cracked horIzontally, eVidently from bending (Figure 4.60). BuUdlngs 2 and 6 deflected approxi
mately %Inch away from surface zero. However. most of the roof section of BuUding 6 was
blown upward by the blast and thrown to the grlJ'Jnd surfacl' tn the rear of the structure (Figure
4.61). Channel shear keys welded to the roof girder are also visible in the picture as well as
the damage to the roof at the south end of BuUdlng 4. The major damage to Building 4 occurred
at the north end where the roof was punched inward and is supported b~' the cantilever effect of
the reinforcing steel (Figures 4.62, 4.63, and 4.64).

The statlon was next Investi~alcd after Shots Dogwood, Olive, and Pine had been fired; the
resultIng esthnated overpressure levels were 12, 8.4, and 13 psi, respectively. An overall
postoperation view of th.: structure is :>:.,-",,, in r~ure <1.35. LilOl(' additional darnol~l.1 was d)
served for BUildings 2, 3, or 6. As shown in Table 4.5, tlle p!)stoper~tion column displacements
for Building 6 were approxlmatelv the sarno} as those for post-Elder; the postoperatlon displace
ments for BuildIngs 2 and 3 were less than thotle for post-Elder, indicatillll; that rebound for the
buildIngs occurred at a ldow rate.

Building 4 showed evidence of additional damllJe. However, the shear walls appeared sound
and the damaged roof panels were In about the same condItion as observed after Shot Elder. The
third-floor slab underwent considerable bendIng. The maximum sag in the slab between the north
shear wall and CJlumn Line 10 wall 6 inches, between Column Lines 10 and 11, 3 Inches, and
between Column Line 11 and the south shear wall, 12 inches. A view of the underside of the third
floor along Column Line 11 ar1 tbe front waU facing surface zero Is sbown in Figure 4.66. The
rotation experienced by the ~hlrd floor slab caused it to crack at the Intersection of both shear
walls. A crack, having a 3-inch dlf11!rentlal ver-tlcal displacen.lent, developed at the intersecUon
of tbe tbird-floor slab and front wall betweer. Column Line 11 and t!le sou~;. Olhear waH (Fillure
4.67).

4.2.3 Item 27, Station 3.1.3, Greenhouse. A composite-typp., semi-buried shelter was con
structed during Operation GreenboURe (1951). No plastic deformations ot' damage were observed
during that operation (Reference 9); however, earth blown by the blast from thtl Mike shot partially
blocked the cntrance. The structurt: con8\sted of four major parts: a cast-in-place, relnforctld
concrete shelter; tbree precast, relnfot'ced-concrete pipe sections; a corrugated-pipe section;
and a cast-in-place, reinforced-concrete entrance (Reference 9). The structure suffered no
major structural damage during Operation Ivy (1952, Reference 1); however, the blast doors were
removed p.·~or t.:. th.:: t,,~t ~:l::! tt,,, W(,,·,\ti ..~~ .. air lock was destroyed by air blast (approximately
18 psi), and the p:',lOtsd surface oi the 'ion! pipe was charred on the side facin~ lS>ouna 'i.i:'O. No
additional damage was inflicted to tne structure during Operatlons Castle (1954, Reference 10)
and Redwing (1956, Reference 11).

Tli", maximum estimated oYe,':"~l'essure receiv".: uy tMOl statlon \~..;, 29 1):;i ~rvm Shot Eider.
The lltatlon received no additional damage from any of the shots; however, the water-wave effects
from Shot Walnut fUled the entrallceway with 6 inches of mud and left water standing to a height
indicated by the~water marks shown in Figure 4.68.

4.2.4 Itel', 28, Stations 20A, B, C, 0, E and F, Greenhouse. Reinforced-concrete gage piers
wereeo"~-;l'ui:tedand undamaged, except ~or Station 20.(, during Oper-at~or. G!'''''nhous~ (lil51).
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Figure 4.52 Post-Walnut, (Item 26) Station 3.1.1, crack in
ceiling adjacent to north wall of shear-wall building looking
away from surface zero. Pressure level: Walnut, 16 psi.

..~;.
'.~:~.'

Figure 4.53 Post-Elder, (Item 26) Station 3.1.1, front
··lew. Pressure level: Elder, 20 psi.

102

SECRET



Figure 4.54 Post-Elder, (Item 26) Station 3.1.1, rear
view. Pressurt: level: Elder, 20 psi.

Figure 4.55 Post-Elder, lItem 26) Station 3.1.1,
close-up of Building 5, first floor colla.psed.
Pressure level: Elder, 20 psi.
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Figure 4.56 Pc:~ ~:(L·, (Item 26) Station 3.1.1,
close-up of Buildings 1, 2, and 3. Pressure
level: Elder 20 psi.

Figure 4.57 Post-Elder, (Item 26) Station 3.1.1,
Columns 7 and SB, flrst floor of Bulldlng 3.
Pressure level: Elder, 20 psi.
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Figure 4.58 Post-Elder, (Item 26) Station 3.1.1,
Columns 7 and 8B, second floor of Building 3.
Pressure level: Elder, 20 psi.

Figure 4.59 Post-Elder, (Item 26) Statton 3.1.1,
Columns 7 and 8B, third floor of Building 3.
Pressure level: Zlder, 20 pst.
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eo

Figure 4.60 Post-Elder, (Item 26) Station 3.1.1, Column llD and
crack In rear waU, first floor of Building 3. Pressure Level:
Elder, 20 psI.

t!'f.¥~~~~L/'//- . .,.,....-./........ ,. ..-

BLDG 4 ~ 52

Figure 4.61 Post-Elder, (Item 26) Station 3.1.1, destroyed roof section
of Building 6 and damaged area to roof at south end of Building 4. Pres
sure level: Elder, 20 psi.

Figure 4.6': Post-Elder, (Item 26) Station 3.1.1, outslde view of punched-In
.'oo! G~": - ',; at north end of BuUdlng 4. Pressure le1/dl: Elder, 20 il"'l.
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Figure 4.63 Post Elder, (Item 26) Station 3.1.1,
inside view of punched-in roof sectlon, north end
of B,.ilding 4. Pressure ltlvel: Elder, 20 Pili.

Figure 4.64 Post-Elder, (Item 26) Station 3.1.1, close-up of punched-In
l'oof section, north t'nd of Building 4. Pressure level: Elrler. 20 pi.
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Figure 4.65 Post-Dogwood Oll'!e, and -Pine, (Item 26) Station 3.1.1.
aerial view. Pressure levels: Dogwood, 12 psi; Olive, 8.4 ~sl; ;Iud Pi.It',
13 psI.

h'ill:ure 4.66 Post-Dogwood. -Olive. and .Plne. (Item 26)
Station 3.1.1, underside of third floer along Column Line I!,
and the front wall facing surface zero. Pressure leve~.:::

Dogwood, 12 psi; Ollve, 8.4 psi; and Pine, 13 psi.
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Figure 4.67 Posl-Dogwood, -Olive, anei ·Pi"ll, (Ueln 26)
SlaUon 3.1.1, crack In third floor at lnteuectlon of front
wall between Column Line 11 and south shear ....all. Pres
sure levels: Dogwood, 12 pSI; Olive, 8.4 psi; and Pine,
13 psi.

Figure 4.118 Poat-Walnut, (Item 27)
Si.;).l lol1 3.1.', entrance filled with
mUd. Pressure level: Walnut, 21 psI.
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Station 20A was del1trClyl'd dtller durinl{ Opc.·allon GreenhOllltc or Operation Ivy.
The strurtural details and elevation view" of this ItCJ1\ are shown In Fil/:ure 4.69.
Stations 20D, C, D, and E were destroyed by thl' air-blast effects froll. Shot Walnut. : .allon

20F was not damaged by any o! the IIhots. Sec Apl;cndLx C [or a detalll'd \\nalysill o[ 1I11' rl'sponsl'
of these pie rs tv hlast presllu re.

Table C.l lists the pressures sustll.llled hy thc variuus pierll and thl' subs(oquellt dam;:!-:l·. A
typkal preshut view of a pier (Statlur. 20B) Is shown In Flllure 4.70 and a pOIII-Walllnl (prl)ssuf(
level, 25 psl) \ lew "f the same pier depLl'tln~. typll'al damage, sl'paral iun ot tI\(' ,,11'1ll [rom till'
uasc, Is shown In Flllure 4.71.

4.2.5 Ilem 29, Station 77.02. A relnforcl'd.eoncretl' fl'('ording station was construc,ed durin!:
Operation Hardtack (l958l.

Thll; station was not damalCcd [rom any of the shots and fl'I'l'lved a llla.'(illlulIl, I'slllllall·,l pres-

I'" -.,;

l

l__ I

1··,'0.-...., I \
I ~

J~H'

I I ' -t ... ,

:, .
~l~'! l,

I
-- f--

I I I,
I I I II I ~I

I -+.

.... -
!

~·/tr.~r~ ~o.t:O_ •

"It;", ""'.••_~ ~ '\:~-"'""r .J"l'" \'~'

~ .., ,J,co:- .p••

~~~,....:::. :~; .;;:, :~_;v

Figure 4.69 Structural details and elevation views of (Item 28)
Stations 20A, B, C, D, E, and F, Site .Tallet.

surl' of 17 psi from Shot Elder. The antenna and venhlatlng devices on top of this station (Figure
4.nl were removed prior to Shot Elder.

4.~.(j Item 30, Landing Pier, An earth-filled pier wiln reinforced-concrete side walls anct
concrete cubicles (5 by 5 by 5 leet with 6-inch walls and filled with sand) for additional stability
received no damage from the flrst two shots, Yellowwood 2nd Tobacco.

'Iowever, Shots Walnut and Eldcr caused considerable rhllllage (compare l'ig'ures 4.73, 4.74,
and 4.75). Two of thp ronrrpt,' rublcles 'h't'"" thrown 45 and 75 feet, respectlvelv. the steel
Iramework at Ihe ,;nu ot !.he pIer was u.::.t ovpr, lind tt..~ sleel ~rlll-tYpe lloorino( 'N0i1' :"10wn a ~';:j'

from the cffects of Walnut (FIgure 4.74). The welded horizontal beams were fuctured at the welds
onlhe sIde adjacelll to I~e columns; the columns tllh'd on a 3-to-l (vcrk'alto horizont.. :) slope
;: .....:y jrC.:l. s'lrfa"t: ~;:)r(j. Durln~ Shot Elder the hori;.;v;;!~.: strucl"l'al llle ...L~l·.·, ,J! the steel
fl'amewvrk were blown on sho"e and OL)' the tilted legs remained In place (Figut'e 4,75). The
two concrete cubes that were isplaced from Walnut were moved only slightly; no additional
cubes were dIsplaced. No additional damage was observed from U,e other shots.

4.2.7 Camp. T:'ls camp was almost entirely dismantied prior to any of the shots; howevel,
the wood~ , !' SUllie buildings and tents wpr>1 left in place,
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Figure 4.70 Preshot (Item 28) Statlon 20B. view of gage
pier facing surface zero, Site Janet.

Figure 4.71 Post-Walnut, (Item 28) Statlon 20B, view of
loppled I(olge pier. Prtlssure level: Walnut, 25 psI.
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Figure 4.72 Postehot, (Item 29) Station 77.02, recording
etatlon. Preeeure lavel: Elder, 17 pei.

?!gure 4.73 Preehot, (Item 30) landing pb.r, Site Janet.
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Figure 4.74 Post-Walnut, (Item 30) landing pier. Pressure level: Walnut, 23 pal.

I"ll~ure 4.75 Post-Elder, (Item 30) laiidlng pier. Pressure level: Elder, 30 psi.
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Til':? wood frames were deslroyed by .:'e effects from Shol Koa (pressul'e level of 5.2 psi).
Shot Yellow\l;ood (pressure level of 6.2 psll 8catlered 011 drums lhat hlld been previously scattered
(Figure 4.761.

t..3 SITE YVONNE

The effects of Shnls Cactus (17 ktl, Butternul (Ik. Ill). Holly (5.8 ktl, Magnolia (57 ktl, Host)
(14.5 ktl, Linden (11.1 kl), Sequoia (5.3 ktl, Plaonla (~: .. leU ..... Il'lg (21.5 tons) were observed
at Site Yvonne. The shot geometry, with pressure contours and test stations, is shown in Figure
4.71.

4.3.1 Item 31, Station 1130. A reinforced-concrete bunker was constructed during Operation
Hardtack (1958). This structurtl was designed to resilit a 470-~sl air overpressure and Ii 3,270-

Figure 4.76 Postshot, Janet Camp. Pressure levels:
Yellowwood, 6.2 psi; Tobacco, 1.5 psi.

psi rp.flected air overpressure. The plan and elevation for this structure are shown in Figure
4.78.

The structure was located in the 450-psi air-overpressure range for Shot Cactus and damaged
only from that shot. The damage was confined to the side tunnel. A preshot view of the p.ntrance
(side away from ground zero) is shown in Figure 4.79 and a post-cactus view is shown In Figure
4.80. Thermal Ltui..Llull c:;tlJ1.~td to he' ?oO ~::1/"m2 from Shot Butternut, which "Nas fired after
Shot Cactus, ourned tI.t: illaclt paint uti the wall snriace as can be seen by comparillg fo'tgul":O"
4.79 an':! 4.80. A pre~;hot view of the entrance to the side tunnel is shown in Hgure 4.81. A post
Cactus view, Figure 4.62, shows the damaged entranceway. Apparent'.. tile blast wavo that
.mtered the tunnel-like entrance (sido-C'n tu the shod. :.ont) was !'eflect;;;:l ::1 ~')C t'.H~nel'" eOlI.
The resulting increase in pressure caused the tunnel walls and roof to separate aod crack as
though an explosion had occurred Inside the tunnel. An interior crack near the junction with
main structure showing the "bulging" failure can be seen in Figure 4.83. The tunnel was not
fastened with dow~ls to the main station but merely keyed.

The.l"mal radh:lion at this close range \\""-8 estimated to be 650 cal/cm2• Very little of th"l
tunnel was <lh"ctly exposed to this radiation 3S can be seen tn Figure 4.81; !'.owever. the a:..ea:;
that were exposed sh..:Jwed remarkably little effect due to this exposure, Figure 4.82,
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Figure 4.76 Plan and elevatlon lor (Item 31) S~alloll 1130,
reinforced-concrete bunker, Site Yvonne.
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Figure 4.79 Preshot, (Item 31) Station 1130, entrance, Site Yvonne.

Figure 4.80 POBtshot, (Item 31) Station 1130, entrance.
Pressure level: Cactus, 450 psi; Butternut, 20 cal/croz•
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Figure 4.81 Preshot, (Item 31) Statlon l1~V, sio,,-luullt>J
entrance, Glte Y""'"'·.

t"lgure 4.82 Post-Cactus, (Item 31) fltation 1130, slde-tuno",~

entrance. Pressure level: Cactus, 450 psl; 650 cal/cm2•
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~ .3.2 Item 32, Station 1220.01. A steel cubicle mounted on a structural-steel platform was
erected during Operation Hardtack. This station was located In t"c 450-psi alr-overprcssure
range for Shot Cactus and was destro)'ed; only the legs of the structure survived. Preshot lnd
postshot views are shown In Figures 4.84 and ,•.86, respectively,

4.3.3 Item 33, Station 1216. A reinforced-concrete terminal for a pipeline was c.:>nstructed
during oPcroltion Hardtack (1958).

This station was located In the 450-psl air-overpressure range fo.\' Shot Cactus and appa.'enlly
undamaged. A preshot picture is shown in Figure 4.85 and a post-Cactus view In Figure 4.86.

4.3.4 Item 34, Station 1612. A relnfol'ced-concrete recording station with a timber entrance
tunnel and reinforced-concrete retaining wa;l was constructed during Operation ~ardtack (1958).
The plans for the station with details for the retaining wall only are shown In F~gul'e 4.87.

This station was located in the 1,600-psi air-overpressure range for Shot Cactus. As a re
sult of the surcharge from this overpressure the timber entrance tunnel was ClUed in with sand
and the adjoining retaining wall cracked and tilted outv..ard 2 to 3 feet. A preshot view of the
retaining wallis shown In Fi~ure 4.88 and a post-Cactus view showing both the rl!taining wall
and the el!~rance to the statlon is shown In Figure 4.89.

The damaged, sauJ-filled tlml:.e~ t:':nnel ...~,,, rt"n•.. ,'ec:! by ~!le use of a bulldO'7E'r l\nd thp tnt-edor
of the detector station was investigated for structur:'.l damage. It was observed that the rear
wall (wall away [rom ground zero) was damaged at the junctures with both the ceiling and floor
(Figure 4.90). Apparently air blast entered the collimator pl!JCs and tended to blowout the rear
wall. The rear wall was 1 foot thick, the floor and ceiling both were ~ feet thick. and the steel
reinforcement for all three elements consisted of No. 7 bars at 12 inches on center. both ways.
and In each face.

4.3.5 Item 35, Stations 1523.01 io 1523.04. Four steel-pipe towers encased by a plywood
covering were constructed for Operation Hardtack (1958). A corrugated-metal pipe (48 Inches
In diameter) mounded witI' sand led from each station to ground zero. A pres!Jot picture of this
station Is shown as Figure 4.91.

The stations were located In the 450-psl air-overpressure zone for Shot Cactus and were de
stroyed by that shot. All that remained 'vas the foundallons for the to~,crs and remnants of the
corrugated pipe.

The air-blast wave smashed the far wall 01' each tower foundation. as shown In Figure 4.92.
A typical failure pattern for the 48-lnch. round, corrugated-metal pip~ leading to ground zero
is shown in Figure 4.93.

4.3.6 Item 36, Statlon 1310. A massive. reinforced-concrete structure was constructed and
undamaged during Operation Re-dwing (1956). A new reinforced-concrete room was added on the
roof and the entire sl1'uclure mounded over with earth for Operation Hardtack (1958).

This station received a maximum. estimated overpressure of 16 psi from Shot Magnolta and
experl.':iCed ilu 5t,llC~:':1':l1 'ialll&t"c frnm any of the shots. A pre&hot view of this station is shown
in Figure 4.94 and post-Rose View o'!howl:lg tU1i1i of earth cover Is shown In ....gurc ".95.

4.3.7 Item 37, Water Tank. A 21.000·~anon tank conetru: ·.ed of %-lllCh "teel plates with
%-iiicli round bolts spaceu ~t 2 Inchell on ci.r,tr.:-. and h:lvlng a :-~,"'!u~ ')1 '0 feet 10 inches and a
height of 8 feet, was damaged during Hardtack (1958).

The tank was located In thel.5-. 6.5-, 2.4-, 7.0-. 2.5-, 3.4-, 2.3-. and 3.4-psi air-overpressure
zones [or Shots Cactus, Butternut, Holly. Mllgnolla, Ro3e, Linden. Sequoia. and Plsonla. The
tank wali not affected by Shot CaetUB but was damaged by Shot Butternut as shown in Figure 4.96.
l'he tan!. was half full of water at that time. Shot Holly had no additional effects. The tank was
dam•....-eu additionally by Shot Magnolb as seen by the local buckling failure around the tep perim
eter and the dishing of the roof as shown In Figure 4.97. No additional damage from the remal•• -
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Figure 4.83 POllt-Cactus, (Item 31) Statlon 1130, crack at Intersection
of tunn,,; and main structure. Pressure level: Cactus, 450 psI.

Figure 4.84 F'reshot, (Item 32) statlon 1220.01,
cubicle, Site Yvonne.
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Figure 4.85 Preshot. (Item 33) Station lUG, Sil" Yvonne.
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F':''\Il'<'! 4.86 POBI-Caetus, (Items 32 and 33) ::'Ultlons 1220.01
and 1216. Pressu.re level: Cae' IS, 450 psi.
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Figure 4.88 Presbot, (Item 34) Statlon 1612, retaining wall, Site Yvonne.
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Figure 4.89 Post-Cactus, (Item 34) Statlon 1612, retaining wall and
,··1Irancp. to atatlon. Pressure level: Caclud, 1,600 psI.
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Figure 4.90 Poet-Cactue, (Item 34) Station 1612, Interior view.
Pre88ure level: cactus, 1,600 pel.
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Flj[1' ~ i.ill Preshot, (llem 35) Stati!Jns 1523.01 to 1523.04, Site Y·:onn!'.
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Figure 4.92 Post-Cactus, (Item 35) Stations 1523.01 to 1523.04,
foundation pit Cor lOwers. Pressure level: Cactus, 450 psi.

F'll'ure 4.93 P08t-Cactus, (Item 35) Stations 1523.01 to 1523.04, 48-inch
.Hlt.ll corrugnted pipe leading to ground zel'u. Pressure lev'll: cactus,

450 psi.
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Fl.gI..re 4.9. Preshot, (Item 36) Station 1310, concrete, earth-coverE'd
station, Site Yvonne.

5Z - (Elcept CoctUI'

Figuru 4.\15 Post-Rose, (Item 36) Station 1310, concrete, earth-covered
stat!' ,. Presliure levels: Cactus, 4.5 psi; llutternut, 12 p:Jlj Holly, 7.S
pSI; Magnolia, 16 psi; and Rose, 4.2 psI.
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Flgu."e 4.96 Post-Butternut, (Item 37) 21,OOO-gallon water tank.
Pressure level: Butternut, 6.5 psl.

GZ

127

SECRET



lng sl>ots was observed. Even though the tank was badly dented near the upper rim none of the
bolts or boU holes showed signs of incipient faUure, and it appeared that tbe tank wHh some
minor repairo could easily be placed in use again. The above-ground connections of 4-inch and
2-inch water pij.o.!s and the exposed 4-inch, rising-stem, gate valves (l2ti-psi rated) were un
c'.amaged.

4.3.8 Yvonne Can.p. The camp located at the south end of Site Yvonne (Figure 4.77) was
damaged severely. Damage resulting from the various shots to deveral types af construction
and miscellaneous items is described as follows:

Tim b e r B u ildingsa n d Te n t s. Llght temporary Umber buildings were severdy
damaged from the 1.5- to 2.0-psi air overpressure from Shot Cactus. The f!rst two rows of

I

'" .

Figure 4.98 Post-Cr.ctus, camp dam.age, tents. Pressure
level: Cactus, 2.0 psi.

tents (closest to ground zero) were not only collapsed but moved away from ground zero a dis
tance of 6 to 8 feet (Flgure 4.98). The remaining tents did not experience this movement but
were partially collapsed. Th.. Ilght-ply..."'lOd-covered buildings were severely damaged, the
smaller buildings being damaged the ieolH. Trill lr&WN,t of Ulauy Ilh·uo..:.Ui·es wen: cul~..tld W
varying degrees and the plywood siding of many was blown off (Io'lgure 4.99j. Tae iairine which
was the clt/dest camp building to ground zero was not only damaged but ,.,. ov'!d 6 inc!les away
ll'0"n IU''''md zero. The blast that anterfld this buildin~ apparently exerted a ItrAater pressure
than the extern.al pressure, as indicated by the outwarcl oulglng of the roof and side walls as
shown In Figure 4.100. Nonc of the buildings or tents were charred from the thermal puise
from Shot Cactus. The estimated pressure level of 5.8 to 8.2 psi from SOOt Butternut completely
destroyed all tbe tents and timber buildings.

Te lephone Po les. Wood telephone poles located in an estimated 2.5-psi pressure 1'llJtltC
for Shot Cac11W ,', r;J undamaged. The same poles located in ~he 12-psi air-overpressure for
Shot ButternU(fil~re bent and one was broken at the tase as shown in Figure 4.101; the bent pole

128

SECRET



·.,\t-:
.z~'H,f"':

Figure 4.99 Post-Cactus, camp damage, light Umbel' construcUon.
Pressure level: Ca.;:tus, 1.5 psi.
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STIEL PIPE

Figure 4.101 Post-Butternut, telephone poles. Pressure
leVel: Butternut, 12 psi.

-11;;- ~.

y:u':'I~~ 4.102 Post-Butternut, radar reflector. Pressure
'.evel: Butternut, 5.8 psl.
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Figure 4.103 Post-Butternut, hellum bottles. Pressure
level: Butternut, 5.8 psl.

Figure 4.104 Post-Magnolia, hellum bottles. Pressure
level: Magnolia, 6 psi.
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in the right foreground is a 3-inch, round, steel pipe. The same polea were located in an eaU
mated lS-psl range for Shot Magnolia and were lnapped off at the bue.

Radar Reflector. A multiunit, radar reflector, undalllAled from the effecis of Shot cactus,
wu ripped from its concrete foundation and thrown 50 feet from the effects of Shot Butternut. A
vlew of this l!:'1ltion, whlch was located In the eltlmated 5.8-pal range from Shot Butternut, Is
shown ln Figure 4.102.

Hell umBo t t les. Hellum boltle. stored In the camp are. were undamARed but soifted

Fl8Ure 4.105 Poatsbot, fire bydrallt. Preaaure levels: cactus,
2.0 psi; Butternut, 8.2 pal; Holly, 3.1 pai; Magnolia, 9.0 pai;
Noae, 3.1 psi; Linden, 4.7 pal; Sequoia, 3.0 pal; and Plsonla,
2.8 pal.

sligbtly from some of the shots. This movement can be compared by viewing Fl8Ure 4.103 (post
Butternut, 5.8 psi) and Figure 4.104 ,poRt-Magnolia, S pili). The remaining sbots bad no addi
tlollil.l uffecta.

Fire Hydrant. Atypical view of afire hydrant located In the 2.0-, 8.2-, 3.1-, 9-, 3.1-,
4.7-, 3.0-, and 2.8-psl air-overpressure range for Shots cactus, Butternut, Holly, Magnolia,
Rose, Linden, Sequoia, and Plsonla, respectlvely, Is shown In Figure 4.105. The hydrant was
not damaged by any of the shds.
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Chopt" 5
OISCUSSION

The discussion of results Is divided Into three general catogorles: prediction cUJ'1'es, ra.dlati'Jn
and water ",aves, and damage-distance relationships.

5.1 PREDICTION CURVES

5.1.1 Air Overpressure. Observed pressure-distance data, reduced to a 1-kt surface burst,
have been plotted In Figure 5.1, where the solid curve is Identical to the 1-kt plot shown In Fig
ure 2.3, which was used for predicting the ground-surface air overpressure for each of the vari
ous stations that were investigaled and summarized In this rfJport. The points In the hlgh-preseun1
zone, as plotted In Figure 5.1, represent data (Reft!~ences 12 and 13) from Shots Cactus (17 kt)
and Koa (1.38 Mt), thus covering a low,'lald ."I~ l< high-.l'ieid !>h,-,t.

In the very-law-pressure range, the plotted points "epres~nt data (Reference 12) from Shots
Cactus, Koa, Butternut (80 kt), Magnolia (57 kti, and Yellowwood (340 kt). The data, as plotted,
have not been corrected for wlna, temperature, or any of the other rnelporolugical conditions
that can have marked effects on the properties of a blast wave In the rllllges of very-low air over
pressures.

The plotted points agree closely with the prediction curve, thus establishing a satisfactory
level of confidence for the predicted air-overpressure values for the other shots Investigated
during the optlration.

5.1.2 Floor-Slab Accell!ra~ Limited acceleration data are available, and only a few points
(RIlferences 12 and 13) were plotted on the acceleration-prediction curve (Figure ~.5), as shown
In Figure 5.2. The points represent data from Shots Koa and Cactus. The data are not sufficient
to determine the overall reliability of result!l obtained from using the CUHe; however. \; ;mOP",.,.
that a reasonable value can be determined.

5.2 RADIATION AND WATER WAVES

5.2.1 Nuclear Radiation. Methods for predicting radiation within structures were not avail
able at the time of this operation except for the sla!1t-thlckness method which, as shown by this
report, Is not rellable. The path-of-leallt-reslstance method for predicting radiation withl _
structures _s therefore developed and Is described in Appendix A. The measured and predicted
values using this method were in reasonably close agreement. See &ction A.6 for a detailed
discussion.

5.2.2 Thermal Rl.,dlation Damage. Primary thermal radiatioii haD D"J.dUUl ulltm a guvllrnill~

fact,.,r In damage to structures. However, It Is quite Important to knnw thermal levels when
designing protecUvf! structures for very-hlgh-<.verpressure regionH.

The predominant effect of thermal Irradiation .s the heatlag of exposed surfaces oi structures.
The effect of moderatE' Irradiation on steel Is simply to heat the surface; however, thin sections
can lose strength. The effect of moderate Irradiation on concrete results only in surface spalling.

Observation of structures during this operation showed no case where thermal radiation was
a governing hctor In structural damage. Observations Included sh,el exposed to 1,400 cal/cm2

(Item 10) ~t>,.! concrete exposed to 650 cal/cm2 (Item 31;.
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~.2.~ Water Waveli. Blast-generated water waves were Infltrumental In removing consider
able quantities of loose material from earth mounds and earth berms. OblServalions of waVI'
damagE In this and past operations Indicate that close-In structures surviving the effect of air
blast wlU undoubtedly survive the force of water wavelS. See Section D.5, Appendix D, for f.

detailed discussion.

5.3 DAMAGE-DISTANCE RELATIONSHIPS

Damage to certain common faealtles and Installations, such as calilp sites, generators, and
storage tanks, has been observed and repJrted during several previous operatio:ls. For these
llems, the past damage data, as well as that obtained during Operation Hardtack, have been
studied for the purpose of determining damage-dlstancf> relationships. Where pol\!llble, th"
damage has been compared with the curves of TM 23-200 (Reference B).

Damage classlllcatlon, namely, severe, moderate, and light (Reference 8), has been used
throughout this report In describing the degree of damage to the varioull stations. III the follow
ing sections a detalled description of damage classifications pertaining to speclflc Items Is given.

5.3.1 C..mp and Wood-Frame Structures. The light wood-frame buildings for camp sUes
were conl\tructed to p'ovlde tempor:':"~' f:\cl~:tlc.:, fur ueeslno;. storage, maintenance, and ""min
Istration. Typical construction for these buildings c'mRI.'1ted of 2-by-4-lnch studs 2 fet't on cen
ter, trussed ralters 2 feet on center, %-Inch exterior plywood siding, and corrugated aluminum
roofing.

The damage-distance relationship shown in Figure 5.3 represents the results of observations
of dP.mage made during Operations IVY, Castle, Redwlng, (Section 1.2.1 and References 1 and 21,
and Hardtack. The follOWing descriptions define the damage levels for the curves shown:

Seve reD a mag e . Frame shattered so that the structure Is for the m(),!Jt part collapsed.
Mod era teD a mag e. Wall framing cracked. Roof badly damaged. Interior part1\lons

blown down.
L Ig h t Da mag e. WI"dows and doors blown In. Interior partitions crackp.d.
Distances shown for severe damage are those for Which the probablllty of the damage occur

ring Is 50 percent, the 2.0-psi level. The spread of the data In the severe-damage range supports
the methods of obtaining 10-plu'cent and 90-pcl'cent probllblllty given I" Reference 8. For 90-
percent probability, use Is made of the distance for a weapon of hall the delil.,,':' ~ .. _"
percent probablllty, use Is made of the dlstan(;e for a weapon of twice the desired yield.

The moderate-damage level (1.0 pSI) was determined by using the distance for a weapon of
four times the desired yield, as In Reference 8. The llght..ctamage curve (0.'l5 psi) Is Intended
to represent the upper limit of nuisance damage and the threshold of light damage. Tha Rflvere
damage curve (50-percent probability) for wood-frame bUildings, ont!- or two-story house type,
as given In Reference B, Is also shown in Figure 5.3.

Damage to several types of heavy-wood-framed structures has been observed, but Insufficient
data make It Impossible to determine damage-dlcl:ance relationships for such variable structures.
Howevill', it ililS OGi:ll u"u:v:1~t!"a\;:,i 'h~' "mall. fl",,,,entlally windowless, wood-frame structures
c.n be dellign€d ta withstand ovcrpressures up to 4.5 psi (Reflll'ence 1), if? mode.ii~" rlptr.ree of
(hmage Is aceeptable.

5:3~ --StO-r-age--3'ankSi D~-:n~ge--eur-v~B--{-Rt:~.i.~d-OC~ -8) -show thi~ ~~rb~ oil storage tHriks (30 feet
In height, 50 feet In diameter) are primarily diffraction structurell and, tl>erefore, overpressurfl
sensitive. Damage levels for large 011 tanks are described as follows:

Seve reD a mag e • Large distortion of sides, seallls split, so that most of t~!l contents are
lost (appl'oxlmalely ll-psl lcvel).

Mod, ~ ate Dam a g fl. Roof collapsed, sides above liquid buckled, some dlstcrllon below
llqull'. ievel (approximately 5-psl level).

Light Damage. Roof badly damaged (approximateiy 1-psi le·,'el).
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A 21,ooo-gallon water tank (Item 37) directly exposed to 6.5 and 7.0 psi 01 air overpreuurell
received light damage. The rool was dished In, and there was R small amount of buckling of the
sides above the level of liquid In the tank. In addition, It was noted that there was no damage to
the exterior connecting piping,

SlmUar tanks exposed during previous operations (Section 1.2.1) confirm the observation that
thest' 1maUer tanks are considerably less vulnerable to damage at a given presEllre level tllPn
large oll-19torage tanks. There III Insufl1clent. data to plot a damage-distance rp.latlonshlp for
tanks of the type Investigated In tMs report. However, examination of the data tndlclltea ttlat
light dArn~e Is to be expected between air overpreilsurell of 3 and 10 psI.

100 MT _--r-T""'.,...,..,...,..,.T;,---r--r....,...,...,..,.TfT7""'7"Tr'·__

10 MT

I MT

I KT r-..'--+~~'--7"l--T-t--~---+--t----""!t

1000 2000
.

SOOO l~ooO ~~t\'v'

YAIIOS
300 100 ISOO 3000 1000 IS.ooO 30.000 '0,000

fEET
GROUND RAN<i£

Figure 5.4 Da..a for Structure 3.1.1 plotted on curves entttled
"Severe Damage to Various Structures Primarily Overpressure
Sensitlve by Surface Burst of Various Yields" from Reference 8.

5.3.3 Station 3.1.1 (Item 26, Three-story Blast-Resistant Bulldings). The response of this
structure allowed a lImited comi'llrison of observed with predicied damage. However, predicted
damag~ is bascd on the eflect(, t rom 'Jlr;,;ie ~hol:i while the structures In qUl!!t!on W6 :'!! '.lUhjectcd
to many stoots. The severe-damage curve labeled" Blast Reslstant, N.einforced-Concrete Bulld
lllbS" IJhown on Page 7-45 of Reference 8 ""'&8 used for compar!' ..g .,redicted with observed re
sponse. T!I1s ~omparlson can he seen In Fle'I ..p. 5.4. Here the ('!'''''!rv-(! r",eponses for the various
shots are plotted on the predicUon curve. The curve labeled "Blafit Resistant Reinforced Con
crete Bldgs" has an Indicated 34 psi at Its lower end. The upper end, although not labeled, de
creases to 32 psi for the greater yields and rall@:es.

The curl'e predicted something less than seve,l'e damage foc Shots Walnut and Elder alone,
Severe dar.'lge Is defined as tile collapsp. of the first floor columns of the building. Shot Walnut
cause(l t' , ~o'umns of the first floor of BuUdlng No. (j (the concrete strut-ture with winduwtll [(l
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displace laterally about one foot, thereby greatly wellkentng the structure. It can be assumed
that a sllgh', olddltional load would have caused collapse of the columns. Shot Elder, which had
about the same Input pressure as Walnut, provided the force necessary to cause collapse of the
Hrst floor columns.

Since none of the blast-resistant steel building's, the concrete bulldlng without windows, and
the shear-wall bulldlng ul1d.,I'went !'levere damage, the damage curve as us,~c1 also appear::; re .• 
sOllAble for predicting the response of thelle structural types.

Although the roof of the shear-wall bUlldlng collapsed, the frame and wal:,s were only slightly
dlstrel.'sed and the bUilding was not conSidered to be severely damaged. The roof failure shows
thl' need for careful conslderatlon of roof designs. "'or example, It was observed that the line
of fallure for roofs occurred at locatlons ""here main stress steel had been terminated; had these
bars been contlnued, these fallures may not have occurred.

5.3.4 Statlon 1312 (Item 25, One-story, Reinforced-Concrete Building). This structure pro
vided the opportunlty to record blast-dlffractlon measurements from four dlfferent shots. It
was observed that the predicted and recorded pressures on the front and rear faces of the statlon
were in close agreement. The obllerved and the predicted pressure curves along thE' roof were
In rather poor agreemE:nt, especially alter the arrival of the vortex. See Sectlon B.2, Appendix
B, for l\ detalled dIscussion.

5.3.5 Gage Piers (Item 28). Since several of the piers faaed fr"m 1I.1r-l:last effects and one
did not, an opportunity was afforded to compare predlcted response with observed re~po'\8e for
dllfractlon targets oriented at various angles of Incidence with surface zero. Even though the
analysis was made assuming both the strength properties of the materials allu the air-overpressure
values for the stations Investigated, the predicted and the observed rllsponse were In cloae agree
ment. See Sectlon C.4, Appendix C, for a detalled discussion.

5.3.8 Miscellaneous Damage. The n,any support-Iype structures loc:ated at the various sites
were expost:d to 1\ wide range of overpressure. The heavUy relnforced~concrete structures
located at the end of Slte Tare wert" subjected to pressurell over 1,000 psi from low-yield kt
deVices without being damaged. An unmounded, reinforced ~tructure (Item 21 locatl!d on Site
Able was subjected to an estlmated 1,200 psi from a 9.3-Mt device and was completely destroyed.

Generators (ftem 23), located behind the Btallol: complex (earth-mounded 8t:'l.on) :lIld exposed
to an overpressure of 35 psi, suffered severe damage. However, of particular lnterest was the
strlklng evldence of the protectlon afforded objects sheltered from the air blast by an obstruction.
The fully sheltered generator moved only 2 feet, whereas the least Sheltered generator was
thrown 60 feet.
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Chop'If 6
CONCLUSIONS and RECOMMENDATIONS

t},1 CONCLUSIONS

The objective of recording damage from air blast, radiation, and blast-/Ceneratcd water wavl's
was allalned. DelaUed conclusions are presented In Appendixes A, B, C, and D. 'fill' ~eneral
conclusions aN that:

1. The peak air-overpressure curve (Figure 5.1) Is reliable for scaled air overpressures
from 0.1 to 350 psL

2. The peak-ground-accelerallon curve (Figure 5.2) l;aVe reasonable predicllons of Hoor
slab accelerations. However, U", overall rellabUHy of the curve is uncertain, inasmuch as
limited data were obta;.ned.

3. Radial,on lcvelb l:1side 8heltto1'~· "!sru:;;;.'(: :.1 U11,. r"por~ were adl,qu~ttJ1y p~p'!kle(l by
using a path-of-least-resistance method (see AppendL": A).

4. Radiation levels inside shelters were not realistically predicted using the ieast-siant
distance concept.

5. Thermal radiallon was not a governing far tor in strurtural damage for exposures up to
1,400 cal/cm% for steel.

6. Total thermal radiallon of up to 650 cal/cm~ caused only minor surt:lce spaillng of direct:y
exposed concrete.

7. Structural effects due to water waves may be neglected for close-in structures designed
to withstand air bb\st.

8. At greater distances, where air blast is of no great consequence, water waves mU:Jt be
considered In structural c.e!li~n and planning.

9. Light wood-frame structures (camp buUdlngs) suffered severe damage from air oVl'r
pressures ranging tram 1.4 to 3.0 plii.

10. Belted-steel, ground-surface storage tanks (2'''000 to 30,000 gaUons 111 capa-:"Y/, lUU

of liquid, suffered only light damage from overpressureE leas than 10 psI.
11. The Gamage-prediction curve entitled" Blast Resistant, Reinforced-Concrete BuUdlngs, II

Reference 8, appears adequate fer predicting damage to thrf e-story, blast-res',lant structures
of the Station 3.1.11yp/!, I.e., reinforced-concrete building, with and without windows; structural
steel, with and without windows; and a reinforced-concrete, shear-waH buUdlng.

12. Reinforcing steel In roofs of blast-reslslant structures should be designed to prOVidE
more unllormity of strength. At least one hall (but preferably ail). the area of positive rel.llorce
ment required within a continuous or restrained se"Uon of roof should extend beyond the face of
the sUpp<'pt !n!' :l rHstar."" nf :>1) hl! ~ !!!.uneters. At leallt one half the reinforcement provided for
negative moment at the support .;rould be ext,,"ded beyond the po:.. t of inflecti')!:! a di3::>nI'P ~uftl'

dellt to develop lhe allowable stress ir. such bars or a distance equal to the depth of the member.
whichever distance is greater. By this procl'dure, abrupt chang'3 hi the strength of II member
\l.uu:ct b" nunimized. wcal !:>ilures, thUS, wv~!:' :lOt cause the f:: p,:!,c c-! '1 '\fhole roof ~('CtlO'l

before other portions (of that section) were overstressed.
13. HeavUy reinforced concrete structures (earth-mounded and having 5- to 6-foot-thick

wolils and roo! with clear spans up to 5 feet) survived air Q1"erpressures of 1,000 psi without
damage.

14. Obj .:ds located close behind earth mounds within a distance apprOXimately equal to the
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helJht of the mound recelved considerable protection from dynamlc presllures at o\'crpressurea;
of 3~ psi an" lower.

15. Exposed standard 2-inch and 4-lnch water pipes, includlng standard rlslng-stem valves,
survived pressu1"!!s up to 8 psi without sign of damage.

16. For structures oriented so that a Une drawn through ground zero ls nOl'mal to the front
lace of the structure (zero angle of incldence), it was found that the method used In pl'ed~dln~

luadlng on the front and back waUs of diffract lon-type structures prOVided results sufflcienUy
reaUsUc for def'll;l\ 01' ~nalysis purposes.

17, 11Ie predIcted shape of the overpressu!"e curve for the roof of diffraction-type targets
Wll5 not in close agreement with measured results.

18. The method used for predicting pressures un the front and rear faces of dlffncUon
targets at \'arioufl angles of incidence with ground zero is saUsfactol"y for design but not {or
analysis purposes.

6.2 RECOMMBNDATIONS

1. It ls recommended that the path-of-least-reslstance method (Appendix A) be adopted for
use in predictlng radlallon wlthln structures.

2. The present method available for predicUng pressures on the front and rear {aces of dif
fracUor: targets ori~nted at a zero angle of lnclden!'", IF. ".rtcql,;~te ~nd !5 recomme!'!<1ed fer :1(.:;ign
and analys18 purposes. The present method of predlctlng roo' pressure shol.:d be llJed untU a
better method 18 determlned.

3. Additlonal high explosIve and,.'.:.. " ......r.-tube experIments should be perforn.ect to: (1) de
termine a more realistic overpressure distribuUon along .·oofs of diffracUon-type targets; and
(2) determine the pressure distribuUon on the front and back faces of these targets when oriented
at various angles of incidence with ground zero.

4. ConUnuous beams, slabs, or waUs of blast-resistant structures should be designed for
.;reater uniformity ot strength throughout their span. Any abrupt changes in the strength of a
member invite local fallure which can cause the whole member to faU before other porUons of
the member are seriously distressed.
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Appendix A

NUCLEAR RADIATION
By Edwin S. Townsley, Captain, Corps of EnglnP.ers, U.S. Army Engineer

Waterways Experiment Station, Vicksburg, Mississippi

A.I INTRODUCT'ON

Film-badge dosimeters were Installed In lour
stl'uclures to obtain additional Information on shield
Ing against nuclear radiation. The effectiveness of
shielding Is dete"mlned primarily by the follOWing
factors taken from Reference 8: (1) dl"t1'iilutlon of
the energy of radl~twn, (2) InlUnsity of the Incident
l'ad~atlon, (:~) an6le of inchltmc.... v; ~he radiatton, :~)

mass of Ihe shielding material, and (5) geometry of
the shielding.

The first three of these are funcllo,.~ v, .;,~ ,'"dla
tlnn itself while Ihe Jast two are functions of the pro
tective shelter. Therefore, to better understand the
\>roblem of shielding, a brief review of what Is known
about radiation and how the structure affects radiation
w1ll be given.

A.2 THEORY O~ RADIATION

Since the purpose of this dlscussloll Is to point out
the uncertainties Involved in making computatlors of
shleldlnlt agal'lst ralt.latlon, the discussion will center
primarily on Initial gamma radiation. The uncertain
ties arising In considering neutron and residual radi
ation are no less formidable. The follOWing definition
of flux as partalns to nuclear radiation Is taken from
Reference 14:

''The flux of any type of radiation Is ,he total num
ber 01 particles per unit area and per unit time arriving
at a partlc.-Iar p...lnt fr.:>m all directions anel at all
energies. Tbe unscat.tered flux Is that portion of the
total flUl< which arr(ves directly at the point In ques
tion from the source, without !>avlng suff",.ed any
previous colllsioltii. J he Ullbl..d.ttCl'CJ. 1111:, i.::; l1h.... :',.;

directional If the source 01 radiation Is a point. "
It fs !J(}sslble to write an equ&llon for the uns~altered

flux at a target In term~ of the Intensity of the (point)
')~U:·~CI {l1~taPC~ oeLWOtm cource and. t!1rlih~t and the
mean free path In the uniform homogeneous medium
In which both the target and bolurce are assumed to be
located. Ttus squatlon becomes less accurate ,,_
approximations are adder! to account for the contribu
tion of scattered fl.,K, size and distribution of energy
In tho:: source, RnO: ~he lack of uniformlt.v and homoge
neity In th" "..·•.;lUm (Including both the hydro"yu~ll,i~

effect and the air-earth Interfacl). Tho.'efore, It I_
obvious that there are considerable uncertainties not
only as to the Inten31ty of radiation, but also as to the
distribution of the enerllY and the angle of Inclde.\ce of
the radlatl~'\at the eKierlor surface of the struclure.

A.3 STRUCTURAL SHIELDING

!," "'"s not..rl in Section A.l, both the mass an,1
geometry of the structure must be considered. In
determining the attenuation of l'P.dlation with thickness
for varlou>! materials, the normal procedure Is to
direct a known radiation p~rpandlcularlyagainst a
specimen of the material In questl"n and measure the
alllulillt of radiation on the other side of the specimen.
Therefore the geometry of the material Is assumed
to be aI' Infinite plane of given thickness, and the radi
ation Is monodlrectlonal. assumed to be monoenergetic,
and normal to the oUl"face of the specimen.

Thus tho normal procedur, for computing the at
tenua Ion to be obtained In a 3tructure Is to assume
that a monoenergetic and monodlrectlonal radiation
strikes the suriace of the structure at an angle det"r
mined by the line of sight ;"'tween the source Rnd the
structure. The slant thickness of the structural ma
terial measured along this line of sight Is used In
determining attenuation. Work by the National Bureau
of Standards (Referen,,", 15) Indicates lhal the shield
Ing computed In this way may be muo.:h greater than
actually exists fol' concrete walls of more than five
hiehes thickness and angles of Incidence greater th!lJl
thirty-five degrees. Therefore, the problem of pre
dicting shielding Involvee the dual problems of deter
m;"ing what radiation exists at the outside of the
structure and of computlnlt how much of that radiation
passes through the walls of the ~~!"''.tcture ~·n Us rnte!"!~r' I

or, to quote Reference 14:
"No generallz,," tr,atment .:>f the military gamma

shleldlnlt problem, either theoretically or experimen
tally L&sed, can be pres'~nted at this limc. The geo
metrical configuration of a stracture bears Important
lyon Its shielding effectlvene_s; the geometry of the
most practwal structures and of the topography In
which they arc located cannot be simply described In
a mathematical sense. It IS extremely difficult there
tore to cumpute the shleldln~ effectivene~~ vf ..: ~'"cn
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structure with a'ly r"a"onable accuracy. The computa
tional problem is compounded by the general lack of
Inlormatlon of tI'_ distribution of radiation at the re
ceiver in intensity, energy, and angle. Generalizations
based on experimental measurements are equally
difficult becalJse the uat'a are IlJllited and distributed
ove" a variety of structural types, and often I •.ck in-
t!: r:,,,! cn:1slstency.

"Uncler these cil·'·llol,st.lIIct:8 it '8 felt that, at
present, the bolat way to determine the ahleldmg ef
fectiveness (If n given configuration of materials is
to estl'nate It from experimentally measured values
for similar structures under similar conditions. "

It was because of thla statement that radiation
meaaurementll were taken In a variety 01 atruetures.
But thla method of determining the shielding Is not
adequate for the engineer who faces the prob:em of
designing a atructure to protect its contents from all
weapon effects. Accordingly. for purposea of predict
Ing the shielding oUen.d by a structure, a som.,,,,hat
different approach was take~.

A.4 PREulCTION MLTttODS

A.4.1 Slant Thickness. The conventional method
of computing shielding Is to determine the thic~' . ,,.
of the material of the structure along the line of sight
to the sou:'ce. The,e thicknesses can be transformed
into attentuation factors by reference to numerous
available charts. In this study the charts In TM 23
200 (Reference 8) were used.

A.4.2 Path of Least Reslstallce. Generally, it has
been observed that radiation Inside structures Is
greater than could be explained on the basis of slant
thickness computation. It has long been recognized
that the radiation Inside a structure may be mudl high
er thaI. anticipated due to the admittancc 01 radiatio!!
through the entranceway. To mal;e some estimate of
this effect, and to attempt to account for the weakness
of the slant-thickness method found by the National
Bureau of Standards, the lollowing assumptions and
approximations were made:

1. In r"~;ons of high flux, where shielding is a
problem, radiation is assumed to be essentially direc
tional along the line of sight in Its properties. (An in··
dication of the validity of this assumption will be found
in secli)n A.G. )

2. "'here this direrUonRJ l':1~H~t!on mur;t turn :1i"':

proximately 90 dugre"s to "nter the shelter, li,e aux
is ~erluced to 1/15 of its IIne-of-3ight. intensity. (This
figure was arri',,,d aL by obserVing that radiation ill
teno!t.les In foxholl's, whp.re eSRentially a right-angie
11._ JI or radiation is required, vary from %0 to 1/io of
the IIne-of-sight Intensity.) If two right angles 'Jr 180
degrees must be turned, the intensity is l/zoo the line
of··slght intensity (approximately t;.5Z).

~. Since the foxhole is " box structure with one
.side open 38 a "window" ,r} radiation, radiation through

142

more than one side or uwindow" i8 aRBumed to be
additive.

4. Where two different shieldlng>- :<re offered,
such as when u steel door occupies a portion o[ a wall,
the attenuations of radiation th"ough the two are COIll

puted separately, and their contributions Lo 'h-, int"rl ..
or dos" are assumed to be In proP<'rtion t.) th"I!' ar"as
This, In turn, assumes that tho' solid an~le subtendel'
I)y these areas at the point of in'"r"st Is proportional
to their areas. Steel doors locatcd to one sidu of a
wall do not satisfy this assumption, but the eflect O[

the door is over"stimat",i and the l"'cdietinn is on
the safe side.

These predictions ure assumed to bc valid up to a
dislance from the" window" equal to 1t;z tiln:;s the
largest dimension of the" window...

A fi RESULTS

Internal rarliation predictions were made for [our
stru,'tures (Stations 560.01, 78.01, Station Complex,
and 3.4) using values of external doses determined
from lleferAnce 8 and shown in Tables :1.1 ar.cl 4.1.
The attenuation factors lor materials, i. c. I concrote,
steel, soil, etc' t ",ere also determined by uHing Hcf
erenee 8. However I thc.!"c attenuation factors :l r(~

applicable for yields uclow IOU !,t ,l,"l thcrelore the
lactors used in this report Will be somcwhat conserv
ative "'ince the yield", of most 01 the weapons in ques
far exceed 100 kt. Both the slant-thickness and path
of-least-resistance I rediction methods were uscd.
In the follOWing computations the attenuation lactors
are first determined and the resulting attenuated radi
ation values which are the product of the attenuation
factor and the pr"dicted external dose rre presentcd
in Tables A.I through A.4.

A.5.1 Station 560.01 (Item 2i: This wa . a rfw'an",,
lar box structure with interior dimensions cf 25 by 10
by 9 ieLt with 4-foot-thlck walls and roof (Fib'lire 3.5).
The wall facing surface zero for all shots of In~e~e~t

was shielded by an earth berm which was three f"et
higher than the structure (Figure 3.6). The berm was
six teet thick at the top with a vet·tkal surfaec adja
cent to the structure and a two-on-one slope facing
surface zero. This berm was partially eroded by
wavc action during Shot Fir.

Sirl"'C ~hc distance from surface zero Nas the same
I"r Sh" , Fir, Sycamore, and Aspen, the shielding
CCn.ii>uLUl.1011S arc l.hc aUlae for all thn"'_' ~hots. rhp

erosion of the berm was not surveyed and has not been
taken Into ac~ount. thus 'he ratio of "bserved to pre
dilted interior doses may be sl!l(htly higher for the
last two shots. The computatilJns are as foB..::.;;·,,:

Slant-Thickness Method:
Geom"try, 20 feet of earth and 4 [eet of concrete.
Attenuation Factor (AF) for:

20 It of soil " 10" 5

4 It of conc rete 1.1 x 10" 3
Total AF: (a> b) = 1.1 v 10- 8 • esscntia:ly ~".u.
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TABLE A.1 PREDICTED AND RECORDED RADIATION VALUES FOR ST...TION 560.01

Sole Section A.5.1 for determination of allcn....t101l fa"tore (A}').

Predicted Doee Behind Door
Shot Exterior Predicted Predicted

Do... Method I • Method lit
'AF--o<iiii' Al" Do...

r r r

Recorded
Predlcied
Metlv.ld I'
AF noae

r

Averqe Imerlor DoM
Predicted ------
Method II t R••corded
AF Dose

r r

Fir 7,000 0 0 7 x 10- 1 49 24.5 0 0 8.68 x 10-' 6.1 3.0
Sycamou Z10 0 0 7 x 10- 1 1.56 0.6 0 0 6.68 x 10-~ 0.~8 0.1
:.:A"'.pe=n'-__....:;1."'0.:.OO:.......__..:0~_-::0__...;7~x..:1:::0_-_·__..:.7:..:.0:-__.:2:;1.:.::0 0=----_...;0:......._...:8:..:.:::68~.::x...:1:.::0:....-_._..:8:.:..68:::.. __ ...5

• Siant-thickne•• method.
t Path-of-l..a.t-re.l.tance melhod.

TABLE A.2 PREDICTED AND RECORDED RADIATION VALUES FOR STATION 78.01

see Soctlon A.5.2 for delermlnatlon of ~ttenu.tlon factor. (AF).

R..corded
Shot

Predicted
Exterior

Do...

Predicted
Method I'

AF 00.0

Do.. Behind Door
Predicted
Method Ilt
AF Do.e

Recorded

Average Interior 00.. _
Predicted Predicted
Method I' M"thod If t

AF 00.. AF 00..
r r r

J.O
o
1.3
l.2t

~.S )( 1:r 4 9.8
9.8 x 10-' 0.31
9.8 >. 'O"~ 1.47

o
o
o

o
o23.0oo

IIJ,vOO
320

1.500

!"'ar
Sycamore
Aspen
Maple

• Slant-lhIclme•• method.
t Path-of-lea.t-re.l.tance method.
t Radiation due to fallout.

TABLE A.3 PREDICTED AND l\ECORDED RAD', "" ';.j VALUES }'OR ST} "ION COMPLEX

Predicted
Method I'

AF Dose

Predicted
Exterior

Dose
Shot

see section A.5.3 for determination of atten....tlon r _:.:r:.:n,:"="..:::'F~)",. ==--;;,==-;;;.....,,:-:-:=:-;;=,,,.... _
Do.. In EnlrlL!'lceway Do... Beyond SO-Decree Turn

Predicted Predicted prlidicted
M.thod II t Recorded Method I' Method II t Recorded
AF Do.. ~oo.; AF Do..

r r

Koa 13,000 0 0 4.1 x 10-1 53.0 70.0 0 0 2.73 x 10-' 3.5 4.9
Yellowwnod 600 0.82 460 0.82 480.0 130.0 0 0 5.46 x 10- 1 32.0 5.0
Walnut 4,100 0.82 3,370 0.82 3.370.0 875.0 (, 0 5.46 x 10- 1 225.0 130.0
Elder 4.100 0.82 3.370 0.82 3.370.0 700.0 0 0 5.48 x 10- 1 225.0 44.0

• !'ll'lnt-thlckness method.
t Path-oC-lea.t-re.lstance method.

TABLE A.4 PREDICTED AND RECORDED RADIATION VALUES FOR STATION 3.•

Shot
Recorded

6.3
315.0
480.0

o
o
o
o

o
o
o
o

1.06 x 10- 1

1.06 x 10- 1

1.0ti x 10- 1

1.08 x 10- 1

74.0
10.6
11.11
71.0

7.3
0.9

41.0
38.0

• Shl"t-\hl.-h."·' ."ethod.
t Path-of-!t:'Il1:t-reslstance method.
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Palh-of- Le8s1-Reslslallce Method:
AF for one ~Ide wall and roof:

4 ft of concr~te ~ 1.1 x 10-' x 2
1 90-degree turn • lis. x 'Z

AF for rear wall:
4 fl of concrete = 1.1 x 10-'
1 180-degree turn· 1/100

SuuLutal AF (1 )( :: T :: '< 4) c 2.98 x 10-'
AF for side wall wah d',or: (This wall Is not

only at slightly more than 90 do:lgrees to the line of
sight but Is also In a radiation shadow caused hy
the berm. Thus the radiation must turn an angl..
somewhere between 90 and 180 degrees. A 135
do:lgree factor of 1ft" Is used here although Ihe full
180-degree fsctor of %00 was used In the ITH.)

Four feet of concrete = 1.1 x 10- 1

Wall-area factor (25 x ~5 -x (: )( 3) ~ 0.92

'14- lnch steel door = 0.7
10 x 3)

Door-area factor (25 )( 9) • 0.08

135-dev.ree turn = I.~O~

Subtotal AF(l x 2 x 5 + 3 x 4 x 5) = 5.7 x 10-'
Total AF for structure. 8.68 x 10-'
Total AF just behind the door (3 x 5) = 7 y 1n-1

See Table A.1 for a comparison of the predicted
with the measured udlatlon doses.

A.5.2 Station 78.01. This was a burled concrete
structure. The earth cover over the roof, along the
side, a.ld the surface-zero slrle of the structure had
been eroded since construction and were of unknown
but appreciable thickness (Figure 3.18 and 3.19).
However, since the walls and roof of the strucl..re
were so thick, It Is believed that no significant radi
ation entered the structure except through the wall
and door located at the back side of the structure.
The rear wall was 5% feet thick, 9% feet high, and
13 feet wide with a '14-lnch steel door 8 feet 2 1/1 inches
high and 4 feet 2%Inches wide.

Since the distances to surface zero were the same
for all shotll except Maple, the shielding calculatl',"s
are the same for all conditions ~xcept Maple. For
Maple, the radiation was due to fallout and no calcu
lations have been made. The computations are as
follows:

Siant-Tbickness A'ethod:
Since the slant thickness waR RO f(rfl.'t. the at

tenuation factor deterhllned by H'.is method pred.,,~

e<l that no significant radilltion J'eaclled the interior
of th'3 strucluN. hence an AF ,·,f zero·

~. "'-'..r T,ep9~ Uel=llsU1nc" .Method:
AF for wall and door:

5 1/1 feet of concrete = 10-'
Wall area factor ~ 0.721
'/.-inch steel door = 0. 7

4.2> M.2
Door artia factor '"9.'5:."13 = 0.279

ISO-degree turn - ~ ~ 1O-~

144

Total AF (a > b x e + c " d x e) = 9.8 x 10-'
Total AF behind door (c x e) = 3.5 x 10-'

See Table A.2 for a comparison of the predicted
with the measured radiatioll doses.

A.5.3 Station Complex. ThiS was a burled,
reinforced-concrete structure consisting of r,'~ny

components (Figure 4.3). The thickness of covel' and
layout of the structure were such that the only signif
Icant radiation was found In the entrance tunnel which
had a Ih-inch stnel door the full height and width of
the tunnel. The tWlnel made a 90-degree turo. within
a distance equal to one and one··hAlf times the height
of the door.

f'or Shot Koa, ground zero was located on l:-';; far
side of the structure, and the door was completely
In the shadow of the structure, thus requiring two 90
degree turns of radiation. For all other shots of in
terest, the door faced surface zero and thus the com
putations for slant-thickness and path-of-least-reslstance
methods were Identical. The computations are as
follows:

Slant-Thickness Method:
The slant thlcknells lor the Shot Koa geor-etry

resulted In an attenuation factor that predicted no
significant radiation within the station,

For the other shote, the Af' for the entrance
was the same as that determined by the patl1-of
least-resistance method while the AF for the area
beyond the 90-degrce turn was negligible.

Path-of-Least-Resistance Method:
AF for Koa only, Entranceway:

%-Inch steel door = 0.82
180-do:lgree turn = 5 x :iO- I

Total AF (a x b) = 4.1 x 10- 1

Area beyond SO-degree turn:
90-degree turn = 1/15

Total AF (a x b x c) £ 2.73 x 10-'
AF for all other shots, Entranceway:

Total AF (a) =O.~2

Area beyond 90-degree turn:
Total AF (a x c) ~ 5.46 x 10- 2

See Tabll' A.3 for a comparison of the predicted
with the measured radiation doses.

A.5.4 Station 3.4. This was a reinforced-concrete,
box-type structure mounded with earth, the roof being
n".,h \\ith the top of tht~ m'"l~mrl. Th~ roof ',1.... -= '1t1 ir:
eber. thick and 7 hy 7 feet In plan with a r.lr.r.! hMrl)
cover VI inch by 3 feet by 3 feet located in one corner
(Flgu:e 4.24).

Sln(' ~ f.h.a uradl9.tion windo':/' for :.!1is st:-ucture
was the roof, the location of ground zero or surface
zero had no effect on the AF do:ltermlned by either
method. The computations are as follows:

Slant-Thickness Method:
Since the slant thlcknesE Was so great, the at

te'luatlon factor determined by this method pre
dietel' that no significant radiation l'to ...::h"d the
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Interior of the struclure, henc" an AF of zero.

Pllth-of-Least-Reslslllnc(l Method:
Af' lor roof:

30 Inches of concrew • 10- 1

Roof-'\rea factor (7 y 7) - (3 > 3) ~ Po 816
7 )0 7 ~.

liz Inch stAlel hatch ~ 0.82
Hatch-area factor" 0.184
90-d<:.gree turn ~ Iltl

Total AF (a x b x e + c x d " e) • 1.06 " 10- 2

AF under hatch:
Total AF (c x e) ~ 5.46 ~ 10- 2

See Tllble A.4 for a comparison of the predlctAld
with measured radiation doses.

A.6 DISCUSSION AND CONCLUSIONS

Comparison of the predlcllons shows lhat the path
of-least-resistance predictions gave a more realistic
appr..h ...1 of Ir.terlor do£ages. The locallon and re
corded values of th'!! film badges used 10" the struc
tures Is shown In Tables 3.2, 3.3, 4.2, and 4.3. The
r...llowlng observallolls were m..de from II stu';) uf
the referenced tables:

(1) In Structure 560.01, Film-badge F, which Is
on the wall opposlw the door, show"u IIIgn",' doses
for all shots than any other Inwrlor badge.

(2) In Structure 78.01, Film-badge J, also located
on the waH opposite the door, showed the highest dose
for Shot Aspen.

(3) In Station 78.01, for Shot Maple, where Ihe
source of radiation was fallout, UI8 film-badge re
cordings for all badges were very uniform.

(4) In the Stallon Complex, the nredlcted doses
using the path-of-Ieast-reslstance method are all too
high. However, two points should be noted: first,
the attenuatIon around the 90-degree turn Inside the
structure Is of the right order of magnitude. and sec
ond, all devices were shielded with 180-degree con
crete shields or 10-foot water shields. The effect of
these shields on dose rates Is not known to the author.

(5) In Station 3.4, Film-badKe B, which Is the
closest Interior film badgll to the door, shov.ed the
highest dose, and Film-badge A In the hatchway ~how

ed even higher doses.
(6) The predlcllons for Station 3.4 from Shots

Yellowwood, Walnut, and Elder were more nearly In
agreement with observed <!O&.:'IS than pre<l!ctlons for
the same shot.. ior the StRtlon CampI"".

Obse,'vatlons (I), V), and (5) ahove tend to cor.firm
Ihe a"..umptlon that h.dlatlon follows the line of sight
through a radiation wt..dow.

OUDcnatlon (4) 1lI1d th" generally f~,!~ rredicllons
for all structures tend to confirm the assumption of
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attenuation for 90-degree turns.
Observation (6) may be explained by nollng that the

radiation window for !ltatlon 3.4 Is horizontal se that
fallout. and resldunl , ..dlatlon" may cO:ltrlbute more
significantly to the observallons than they do In the
Station Complex.

Ob,,~rvat!'Jn (3) ;i1Jl"atea Uult the 90-degree atttm
uatlon Is not valid for resldual-rad'ntior, jlredlctlons.

It should be noted that doses were recorded I,n the
same location by several mutually perpendicular film
badKes. The effeet of film-badge orientation WIts
small. These film badges are sensltlv" to both gam
ma and neutron radiations, and to ;,oth Initial and
residual radiations. It Is not possible to determine
how much each of these contrlbul..d to the doseR re
ported. Since the weapons "onslde"b": and the !'ang'!!

at which observations were taken were relatively
large, It Is assumed that neutron radiation Is not a
large percentage of tbe total, less than 20 percent.
None of the structures were In regions of high fallout
except as noted for Station 78.01.

The path-of-Ieast-reslslance method contains a
n"m':"r of ap!,roxlmRtlons fol' wbll'b r,roater ~!'f:no

""ents are poulble. Among these Is the assumption
that all the radiation Is monodlrectlonal along the
line of sight, and therefore all radiation must turn the
90-degree angle. The li~tual distribution of radiation
at various ranges from the source has been the sub
Ject of such studies as Uult reported In Reference 16.
Anothflr Is the assumption that tho parts of a window
contribute to the total radiation In proportion to their
area. It Is stated In Reference 17 Uult the effective
contribution of each portion of the Window Is taken as
proportional to the soll11 angle subtended at the point
of Interest by the IY.lrtlon of the window being consid
ered. It Is believed that refinements such as these
do not add sufficIently to the accuracy of the prediction
to warrant their inc!uah.ul in a pred1ct~':"." n ....,..,...An..~

that an engineer would use In designing a structure.

A.7 RECOMMENDATIONS

It Is recommended that the path-of-Ieast-resislance
method be used by engineers 1.0 predict inlt!al ratUll
tlon when designing structures to resist the effects
of nuclear weapons and for determining structural
and/or construction requirements to provide adequate
radiation protection. When designing protective struc
tures for which tho point of burst Is unknown (which
will g,t:nentl!,j' 1;(. b'll(- e.,\I,;U!Jl ul Gil': Xt.:Y~.:.\l&1 ilfld En~

wetok Proving G'!"ol.mds). it should be ~~~urned th~t

the radiation window fares :he point of burst.
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Appendix 8
DIFFRACTION LOAOING of STATION 1312

Station 13U, a massive, reinforced-concrete struc
:~re, sho\\n In Figure 4.32, made an excellent target
br a blast-diffraction study. Consequently, five self
I ecordlng, air-blast gages were Installed by personnel
from BRL. The gages were placed flush with the front
idee, the roof, and the rear face of the station. Pres
sures MIre recorded for Shots Yellowwood, Tobacco,
Walnut, and Elder. The gage geometry, Including
thd plan and elevation for the station, Is shown In F':z:
vre B.l.

n.l PREDICTION METHODS

The general methods set forth In Reference 18
(which were derived mainly from shock-tube stUdies)
were ueed In predicting the pressure on the front face,
roof, and back face of the structure, However, pressure'
decay curves both for slde-on and dynamic pressures
as presented In Reference 8 (TM 23-200) were used In
predicting pressure-time relationships.

The free-field overpressure and duration measure
menta from Station 174.28, located adjacent to Station
1312, MIre used In predicting the diffracted prp'lsures
01\ \he structure. In thla manner a more reliable In
put value of pressure was obtained since the predicted
values shown In Table 4.1 were slightly lower than the
measured free-field values. The free-field pressure
measurements are presented In Table 4.4. Where
duration values were not available, the predicted val
ues were used. .Since the time of the preparation of
this appendix, the value for the free-field overpressure
for Shot Elder at Station 17".28 has been revised and
is now 71 psi (SOle Table 4.4) rather than the 65 psi
as used In the calculations for the diffraCtion study.
Since the difference Is slight, the values In Figure
B.5 have not be"n "harll(tid to renect the Increase In
measurad iJres8ure.

B.2 RESULTS AND DISCUSSION

The recorded and predicted pregsure plots for the
VP.l i: '. c;~:~:.?' Jt"!~E..tk,n ... for Shot& Yellowwood, ToLa~~,:,.

W&.lr.ul, p~ld Elder are shown in Figure.~ B.2, 3, 4,
and 5, respectively.

The predicted arrlv&l time of pressure at the var
ious gages was In close agreement with the measured
values where a comparison of these values was possi
ble.

It was observed thut U.·~ predicted and recorded
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pressures on the fi'ont face of the structure ,,:ere in
close agreement; however, the predicted pressures
were slightly greater.

The peak values for the recorded pressure~ ~., the
roof were very close to the predicted values except
for Record 5-C, Shot Walnut. It was also observed
that the vortex-action effect on the measured pressure
did not cause as great a decrease In pre"sllre a.. the
predicted plot Implies; but the recorded duration
shows that the vortex lasted for a longer period of
tlmo. It was 21so observed that the grenter the pres
~llre, thEl greater the strength, and tlte longer the du
ration of the vortex.

The predicted ar,d the recorded pressures on the
back face of the structure were in ~103e agreement;
the predicted pressure values wtlre consistently slight
ly lower.

The predicted durations for the free-field overpres
sures \Vere In very close agreement with the measured
values.

B.3 CONCLUSiONS

The methods used In predicting the load on the
front and back walls of diffraction-type structures
oriented at a zero angle of Incldenc~ "rovlded resultR
sufficiently realistic for design or analysis purposes.
The predicted front-wall pressures were higher and
the predicted back-waH pressures MIre lower than
the measured values, resulting In the prediction of a
conservative, net-lateral load which Is greater than
the measured lond.

The predicted pressures on the roof were In least
agreement with the recorded results. Thol records
Indicate that the vortex action lasted for a longer period
of time than !,redlcted and that the maximum pressure
decay was not as great as predicted. It was also ob
t-'rved th~t the vortex action 18 extremely ~~!'\sitlv€.

tf) pressure level. These few reco"jS Indicate that
addlt.lonal shock-tube study jr nl'"ded for the purpose
of reVising prediction methods for determining pres
sures on t:.a roof of dlffracticll structures. HOw...·~i',
the present prediction method foJ' determ.nlng roof
overpressure, even though conservative, Is satisfac
tory for design purposes UI1t1l a better mBthod Is de
vised.

The wide range of pressure values presented In
lhis study should enable designers to proceed with a
reasonable degree of confidence wh\ln designing blast
resistant, diffraction-type structures.
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ApPlndix C
RESPONSE of GAGE PIERS fa BLAST LOADS

wben

X ; 2.32 In.

Use this value when computing mll.nenl.

(2.:12) (20,000)

10 (6.68)

0.004p "p'

As c A~ ~ 0.4~ In2/foot

b 12 In.

d 9 In.

fc 1,350 pal

f' • 3,000 palc

fs 20,000 psi

fy 47,000 psi

" ,0

Cc;~
n (d- X)

10 (1,350) (6.r.R)

2.32

fs ~ 39,000 psi ~20,OOO I'sl.

Tt.erefore the moment Is limited by tension.
Determine fc when fs ; 20,000 psi

fc ~ 1,:I~O psi (deslRn stress)

Determhoc If moment is limited by compression or
tension. From Figure C.4,

6X2 _ (3 - Xl (4,4) - (9 - X) (4'~1 ; 0

x2 ~ 1.47:-: ~ 8.~

n fc (d - X)
X

sb 75u ".1
u ; 300 psi

v ; 90 psi

1:0 2.4 In.

Determination of Neutral Axla (NA);
Take moment of area about NA. See Figure C.4 for

section geomt'try.

.:..... ,

S:atlons :~o-B, c, D, and F on Site Janet offereJ an
O/.:portunlty to compar.. predicted with observed I'e
"ponse of rtllnforceu-concrete liap piers. hereinafter
..Iso callen beams, oriented at various linglea of Inct
'!ellee with aurCaee zero and located at various pl'lJtlSUrC
levels. Stations 20-B, C, and F were cracked lhl'ough
.It the base (see Figure 4.71) by the all' blast from Shot
walnut. however, neither Shot Walnut nor Elrlel dam
o1g"d Station 20-F. Since the length of the pier w~

;;r-:01ter than 5 Ceet It was analyr.ed aD II diffraction
t9 'l:et accordl'.g to R"Corcm,.o 18. A typlclll piGI' Ilnu
•.:rurtural details can be SlOen In FIlture 4.69. The
eallmated pressures received by the Caul' stallona 'II

the various angltls oC Incidence Cram Ilround Ztll'O a "A

shown In TaDle C.1. The Il1Igle oC Incidence Is the
angle formed by the Int.·reectlon of a line h om ground
zero and the normal to the front face of the atructure.

Since Information on the strength properties of mll
terlal Is necessary In pl-edktlng structural response,
the slt3ss-straln relations for steel and concrete used
In the gage piers have been assumed and are shown In
Figures C.I and C.2, respectively. The compre88lvo
stress for the COllI' rete was specified as 2,000 . sl when
the iller was construded. ho~ver, It Is assume,1 that
age haa Increased the strength to at least 3,000 pst.
The reinforcing steel WllS of Intermediate grade and a
typical curve has beon drawn to reprtlsent the stresa
strain relallon of the %-Inch bars used In the piers.
To account Cor the rapid loading by the blaat forcea,
the curves have been Increased by 30 percent aa shown
by the dotted lines. The first of the following unll'yses
uses design strengths of materials under static condi
tions wblle the second considers the ultimate capacity
of tlie system under dynamic conditions. Notations as
used are listed at the end of this appendiX.

C.l STRUCTURAL ANALYSIS UflWG or:'SIGN
STRENGTHS

Tbf' statl" de&illll a;,lalysls, Inc1udlng definitions for
symbols, was made according to !luctlcea set fcrth l!I
H.,le "n' n 19 IA("I Co<le). A l ..fo"t-wlde sect!en ",as
ap~uilled and tbe load causing re..ctlons to the c..ntlle
·,er sections was assumed uniform and :lormal to the
btiam, S88 Figure C .3. The stress relation for the
design condition Is shown In Figure C.4, The Collow
Illf. calculations predict the n"t lateral pressure (w)
that can be appll<.d to the ,')co;·.n as limited by moment,
diagonal lensl"n, bellrl... , ond bond. The values listed
were used In the compulat.lons.
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Figu. e (,,1 Stress-strain curve lor relnlorclng steel.

04

STRAIN. "("'(NT

TTn
JtLJ
I

Fr· ~ J.O KIPS/IN 4

- ,. J ~ KIPS/IN I

E(· JO.,O'PSI

D.S 01 07

Figure C.2 8tre~s-8tralncurve lor concrete.

TA£LE C.l PREDICTED PRESSURES AND DURATIONS FOR STATIONS 20-A TO 20-F

Yield
G.:"und -Xilg!c -01 R"n""lml

Station Shot
Range Incidence

Overl're~sure
Pre8~ure

II deh psi psi

20-A Wa'nut 1.41> Mt 1>,000 24 26 811
20-8 Walnut 1.45 Nt 6,930 26 25 76
20-C Walnut 1.45 Nt 7,125 29 23.5 70
20-D Walnut 1.45 Mt 7,440 :1:J 21 61
20-E .....alnut 1.45 Mt 8,160 40 l@ 54
20-F Walnut 1.45 Mt 8,665 44 16 51
:W-i' ilJcr 910 kt 7,105 53 18 ~.l

• Deslroyed during previous operation.

-~,;!"._--_..
Duration Kemnrks

sec

Failed
Failed

2.1 Failed

2.2 No damage

. _-!:~_ N~ ~:nag~
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Vetel'mlne the maximum shear (Vt) on the section as
govcrned by allowable shearin", streRS (v).

Vt (v) (b) oct), where jd in this case is 8.2:l

Vt (90) (12) (8.2:;)

Vt 6,8901b

Determine latcl'al pNSSlire (w) l\~ ~overned by the
maxlmun' allowable shear of B,890 it,. From Figure
C.:I)

Moment:
From ~'ll[ure C.-I,

M ~ (a A~ (:1- X/3) + fs As (9 - X/3)

since

(' =~(d- X - 6)
" X

n f.: (d - X)
X

Assume a I-foot section for the beam

w ~
720

1- 5 .-0"

SHEAR:

v = 60 in x 12 in x w

v = 720 w nb/et)

MOMENT:
-z 1

M = 12w x 60 x '2
,M = 2I,eOOw (In-Iba!ft)

1l,Jle~mine lateral pressure (w) as governed by lu<ll(

imum allowable moment of 74,300 In-lb. From Figure
(' .3,

then

M"· 106.87 Cc

when

fc 69& psi

t,hen

M " 74,300 In-Ib

M
w ~ 21,600

then

w = 3.4 psi

Diagonal '. nalon:

Figure C,3 Assumed loading geometry (01' typical pl'H',

then

w = 12.3 psi

Bea ring:
Since a 3-inch keyway wa" ".'<'d. assume the effec

:ive ~*·!th~g" .ne" dol> :; iJJ i:.: ~ndJC.:i- (JC ~\:i'...:":':·:" lJ •• ··:,:::.j

and 750 phi (6b) G6 Uu; JC.::iign .:.;trl·~:~ in l.:caril':g

\"l '" sb (36)

Vb = ~'I ,000 Ib

Determine lateral pressure (w) as governed by the
maXimum allowable bearing load of 27,000 at the key
way.

w =.YtL
720

,.. = :l8 psi
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Stress Relation:

(l-k'-K)d~~

-(1- K)d <s

Bon":
Detennlr the n,axlmum shear (Vu) on the section

as governed by allowable burnt stress (u).

Vu r.~ (Jd) IU)

Vu (2.4) (8.2) ~300)

Vu 5.900lb

(l-k'-K)d
Kd

{ I
~~

(
C

(8.2)

(C.:l)

My ~ bdlpl (1 - k' - K/3)f~ + bdl" (1 - K/3)fll
(C.61

Determine lateral pressure (w) a. governed by the
IlhlxinHun allowable shear of 5,900 pounds.

w ~
720

then

(CA)

(e- 51

From the prec'edlng eakulations it is observed that
moment conlrels the load for the piers and thcrl'fore,
;he design load (w) for Ihe piers is :1.4 psi.

".A's

-.-As

From Figure C.l the following stress-strain rela
tion for steel was determined when Is is less than
tdy:

(C.7)

Figure C.4 Stress r~lationship for concrete sectlon at design strength.

C.2 BEHAVIOR OF CONCRETE SECTION UNDER
DYNAMIC LOADS

fa ~ {aE

C.2.l ~'lexural Beh,.vlor at Yiclu. The following
"comelrlc rclatlc~"' wel'e delermll1ed .from the stress
strain relation for the concrete uectlol1 at yle"] as
shown In Figure C.5.

The analyses were made according to the general
procedures set forth in Refe".,ncl' ~O <Jx"ept that uynam
ie \'~~ ..es were used In place of stattc-strength values
for each material. The behavior of the beam (gage
pier) was first determined at the yield strength and
secondly at the ultimate strength capacity of the sec
t.on. From the values of moment '" yield anu ultlmate,
an id~alized re~:dto:t!!!'!{'Iro ~·:.:r ..·~ !!':." th~, tvp'l~nl ll~~~~m was
determine<.J.

Strair. Helatlon:

Kd.~~
tJ ((' + (s

(C.l)
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From Figure C.2 the following stress-strain rela
tlon for concrete was determined when fc Is less than
3,000 [lsi:

(C.9)

Determination of Moment at Yield (My)'
Tr~ general moment equation (6) was used to solve
M"..oy letting fs equal fclv and by determining vslues
1"0·,' K and t~ By solVing FquR1.lon l,..~ "'lith the aiu 01

~quat1on8l:.1, L.a, C,'I, L.H, and C.~. t\. was u"i.~r

mined. Once K w·'.s "ul ved, f~ was found oy solving
Equatlons C.3 and C.8. The results are as follows:

K .~2p 'n( 1 - K') + ~pn + nl(p I + p)! _ n(p' + p)
(C.lO)

when

p p'~ 0.004
k' 0.67

n = 10
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then

K ~ 0.2G6

fa ~ f sE (I - 1~' K) (C.ll)

(C.16)

Where: L: 60 In
~' : 0.256 In

when

t.. 0.00203 (see Figure C,I)

I' 30 x 10' psi

k' 0.67

then
fa ~ 6,040 psi

Solve Ie to make certain that It Is less than 3,000
psi, the upper lima nf Equation C.9.

C.2.2 Flexural b"hllvlor at Ultimate. Al the ,,11!_

mate cap"clty of the scctlon several conditions of steel
stress could exist. The first possibility that was In
vestigated aasumcd that fs was greatcr than fcty and
that fa was less than fdy when fc was at ultimate
strength. The asr'lmptlon proved erroneous since the
strain value for f,l exceeded the strain at yield. It
was next assumed that both (s and fa were ereater
than fdy ' Howe,'er, for this condiUon, the s"·,"n
values showed that both stress values were in the yield

STRESS

Figure C.5 Stress and strain relationships for concrete section at yield strength.

By substituting the appropriate values Into Equation
C.6, My was determined.

My = 223,000 In-Ib (C'.14)

Determination of Maximum Curvature
(<p y) 0 f Be am. The maximum curvature of !he
beam wben the moment Is equal to My was found by
solVing t.bt- followmg expressions:

• =~ = 0.0007
c 1 - K

fc ~ 'cEc = 2,100.0 psi

(C.12)

(C.13)

range for steel. It was evident !hat both rs and fa
were equal to fd but It was also evlrient that the quan
tlty" a" shown r., ,Igure C.6 ",ust 00 cal"u!,,(~'l __"'"
fully since this value cont-olled the compressive area
of concrete as well as the length of moment arms.
Therefore, an Idealized stress-strain curve (fo :
60,000 psi; and Eo = 23,800 psi) as shown In Figure
C.l (which closely approximates the actu..1 curve) was
assumed. The stress-strain relation for the concrete
section at ultimate capacity Is shown In Figure C.6,
and the follOWing geometric relations were determined:

Strain Rplatlon:

<b -2!L (C,l;')
Y - Ecly

Where: ly = b(kCl)' + pnbd'(I- K/ + p'nbd'(l - k' - K)2

~, ':51. 'I In'

~ : 2.85 x 10-( In-I

Determination of Maximum Deflection
\ -\ v) :l t Y I e I d. The maxLnum deflection of the
bea'" at yield was found by s(llvlng the following ex
prebLlon:

156

.~ " d(l-k') -a
-;;- d-a

Stress Relation:

(C.l'!)

(C,18)

(C,19)
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Determination of Moment at Ultimate
( MI.t). The ultimate moment for the h.eam was found

(C.2S)£~ = 0.006a

Eo 23,800 psi

then

fs = 60,650 psi

Solve £s from Equation C.23,

£s = 0.0273 (C.26)

Solve a by using Equation C.17,

a = 1.15 In. (C.27)

Solve £~ by \lslng Equation C.19 wnlch ascertains that
the strain was In the yIeld range.

(C.22)

(C.23)

(C.21)

(C.24)

From ttoe Ide..llzed portlvn of the stress-strain curve
shown In Figure C.I, the following expc'esslons were
determined:

-AIS
S
'"...

1
~--

s

8l'RAlN STRESS

Figure C.6 Stress and strain relationships for concrete section at ultimate strength.

{3 =(I+~- ~k')
P P

by solving Equation C.2l; however, ,.Ie quantities fs '
f~, and a were first determined while fc was assumed
equal to Its ultimate value. The quantity fs was first
determined by solving Equation C.21 with the aid of
Equations C.17, C.18, C.19, C.23, and C.24. Once
fs was found, a was determined by solving Equation
C.17, and f~ was found by solving Equation C.24. The
results are as follows:

(c.ao)

(C.2!!)Mu = 290,000 in-Ib

Determination of Maximum Deflection
(.:lu) at Dltlmate. Tile tnaXlmum C!(dlection WH'='
found by takiflg otaticai jfJoments oi the beam loaded
with angle changer. which is Illustrated In Figure C.7.

Determination of Maximum Curvature
( '" u) 0 f Be am. The maximum curvature of the
beam when the moment Is equal to Mu was found by
solving the following expresfiion:

tl>u=~

By substituting the appropriate values Into f:quatlon
C.22, Mu was determined.

(£uEo - fp) (1 + 'pIp' - ?y'k' Ip)
{J

C

where

;,;hl::'l

f~ 3,900 psi

£u 0.004

P = p' = 0.004

k' = 0.67

fo ~ 60. O!}'J l.Jsi

when

M = Mu ' w = 13.4 psi (C.3l)

Find ti.~ section on the beam where the moment is
equal to My.

X = 52.6 Inches (C.32)

Determine deflection at ,~ud of be?m.
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"u ~ c:- (lOX + GOO) .. </>u(l,200 + lOX - X2/ 1j)
,y (C.33)

Au 1.062 inehc.

C.2.3 Moment-Curvature Helation. Th" momcnt
cunature relation (M </>l Is shown In Figure ('.8. The
ideallzed curve as shown by the dotted line wa, dra wn
to :>stabllsh the ideaHsti~ l'aslt;tance function of the
hearn. The resistance (1') of the beam was determined
by using the Ideallzed moment 'ind found ai; follows:

=_My ~ Mu
Mp 2 (C,34)

Mp 261,500 in-Ib

w = I' =~ (Figure C.3)
21,600

1'1' • 12.1 psi (Resistance of Beam)

(C.35)

than zero Is not described. However, for design PU1'

poses the reference recommends tltat the method dll
"crlbed for determlnln/! the pressure on the back face
for the zero-angle-al-incidcnee "omlitlon also be u""d
for condltlonA when the angle of incidence Is great cr
th.,l zero. This "bvlously result.. In a co,""er,"ltive
estimate for the net latera) P'"CS,ul·e. The p l"Cssu)'e
and duration values shown in Table C.l were used In
computing the curves "hown In Figures C.P. and C.1Q.
The figures show the pressure on the f)'ont and back
faces of the pier, the net lateral pressure_, and the
net Idealized lateral pressure whleh was used In the
dynamic analysIs. A detailed plot of the reflecled
p,..,ssures for both cases is presented In FI!"'l:C C.l1.

C ,3.2 Natural PerIod of Vibration. The following
equation from Reference 21 was used to determine tit..
natural period of the beam for the fundament?1 mod".

(C.36)

C.2.4 Shear-Compression Mode. The momen< re
quired to produce fallur" (nthe sheat'-compresslon
mode wa,. determined as sltown In Reiel'tlnce ;'8 and
presented as follows:

2
[ (

4'5f~\JMs "' bd f~ (1< + np') 0.57 - ~I

where

k =.,J[n(p + p')]2 + 2n(p + p' - p'k') - nIP + p')

Ms = 440,000 In-Ib

Since tbis moment Is greater than the moment deter
mined for flexural failure, It may be assun.Jd that the
critical mode is In flexure dnd not In sltear compres
sion.

2". rw
Tn ='":> ,I ;;i-;I

1\" 'lit nr~c

where

(nlL)1 '" 3.52 (fil'st mode)

nl = 9.78 x 10-4

when
g = 387 in/sec2

Ec = 3" 10' psi

I = 332 in4

W = 12.5 Ib/in of beam

L = 60 in

(C.37)

C.3 DYNAMIC ANALYSIS

Since no measured pressures for any of the piers
were taken, the Incident pressures were predicted
along with reflected pressures for the partlculsr an
gles of Incidence. Tho positive durations for pressure
were also predicted and are shown along with the other
values in Table C.l. From the table It was obvleus
that it was necessary to construct only two pressure
diagrams, namely for Stations 20-D and 20-F for Shot
W"lnut. The pressure diagram for 20-D gave the
minimum observed Pl't:';SUJ.·~ LhaL c~ust:~ r,'.i!uro:- Wh~!1

the diagram for Station 20-E fohowod the maximum 00
sC."ved prehllure that did not. caus" failure. After the
p,'"ssure curves were d6tcrmlned the piers 'vere nna-

'1;'~.! ~:" ~tlrl.ilrJ.rf' preol('w::J r.asponse with ocn·jervcd
response.

C.3.1 Determination of Lead on Piers. The pro
c('dure presented In Refe rence 18 was used In predic
ting the pressure-load carves for Stations 20-D and
20-~·. A method for .le 'lIrately determining the pres
sure on the rear fR' ~ VI diffraction targets when the
Incident pressure IS at an al'gle of Incidence greater

158

then

Tn ~ 36.6 msee

C.3.3 Dynamic AnalySis of Pier. Since the clura
tlons of the pressurc spikes In Fip:ure C.11 wen ..Ignlf
Icant when compared to the natut'al ptli·tod of vibraUon
of the beam, the piers were analyzed for both the effects
from the spike and the regular net lateral pressure. A
chart entitled" Maximum Response of Single-Degree
of-Freedom System to Initial Peak Triangular Force
Pulse," in Reference 22, was used In determining Pm'
"he mJlXi01Um tral)~i~:i.~ prt:titiurc ~h~t tl ,:,. ~.:-l::"" ... ::,:..
withstand.

:3tation 20-D:

t • 0.016 sec (Figure C.ll)

P 61 psi (FIgure C.l1)

Tn 0.0366 sec

Ay 0. 9 56 In (Equation C.16)

L\i = 0.062 (Equation C.331
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Detel'mlne mulmlUU llllfleoUon (Au)

Take etetloal momenta of a.ogle
chaDges about "0"

Flnd "w" when M = My

4> Xl
=~-

3 tPu
Xl

= 4>y(l,800 -"2)

Xl
(60 - X)= (4)u - 4>y)(l,200 -lOX -'6)

(eee Figure C.3)

2X X
4>t: 3 '4>Y'2

4>1 :(~ + 30) • 4>y' (60 - X)

.p, : ~ + 40) (4)u - 4>y)' i '

w~~
21,SOO

lo'ind IMIcUon or, beam where
moment I. ~uel to~

My ~ SwXI

Xl
~ = :E = 4>y(lOX + 6(0) + 4>u (1.,200 -lOX - 6 )

Figure C.7 Determination of deflection at ultimate capacity.

400 r-----r------,-----,-------,

200

I
Idealized Curve (Mp = My ~ Mu )

300 ~--~---_.--.----r-_::..Mu

·~t-J j \±J
o 0.001 O,O~0:=2---:0-:.003 0.004

CURVATURE

t'lgure C.8 Moment.-curvature diagram for beam.
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r = Yo' • 12.1 pHi (secti·nn C.2.3) was very clolI<' to iailure.

Fl'Om ehal·t, Reference 22:

2.4(l~:.I) = 29 psi <61 psi

From Chart, Refen,"ce 22:

0.016
Then: ./T" = o.O:iii6 0.437

C,4 DISCUSSION ANI) CONCLUSIONS

C.5 NOTATIONS

Even though the llllalysis wus made ullsumlJlll: both
the strength properties of the materlnls and the aIr
overpressur~' values fol' the two slations Investigated.
the predicted and the observed rebpon,,~ ,'re In fairly
clob'e Agl'eement.

However. there exist" a lack of datu for use In
delermlnlng re'iected front-wall pressures us tb an
gie of Incidence deviates from 7.ero. There Is ,~ven

less dat:.o concerning pressures on ~he rear faCl!S of
such structures. Shock-tube studies and/or blgh
exploslYe tests should be conductprl 10 establish the
relation of pressure on the fronl anrl :,ack faces of
diffraction targets at various ar",les of Incidence.

If the spikes aro neglected. the analYsis predicts
that Station 20-1) would fall, which It did, The analysl~

for SlaHon 20- F pflldlcts that the IJler was at the thres
hold of failure: however, the pIer did not fall. The
analysis predicts that bolh piers should fail from the
spike loads alollt,.

It can be ob~". ved that the ulUmate bendlr.g capacity
of the beall••mde. dynamic conditions Is approximately
four tlmA" great"r thall the bending capacity under stand
ard design dtrc"gth por.lIlt lonG.

For design pur",)sc" "he mE,thod used was satisfac
tory; however. for L "al)'sls purposes reflnem"nt Is
needed.

a. depth of stress block In concrete ut maximum load-
carrying capacity

As. area of tension reinforcement
As, area of compression reinforcement
b, width of rectangular Oexure member
C. tobl compressive force In concrp!,-
d, effective depth of beam which Is the distance flom

the compression face of the concrete to the cen
troid of the tension steel

Ec • modulus of elasticity of concrete In the elastic
j'eglon

Eo. Ideallztld slope of btress-straln curve for reinforc
Ing steel In yield region

fc • stress for concrete In compression
Cd. ultimate compressive strength of concrete as

determined by standard test cylinders
fJc,dvnnmJe ult~m"'lf' l'~mrrA~~tvA ptrAnP1h (\f concrete
f::;t stress ior steel i!1 tanNinn

fy. yield point of steel In tcnslon
<Jy • dynamt<, yl( ij 0' sleel
r~, defin~rI in Figl~r.l] r.1

Iy ' moment of Inerth of b~am CrOS8 secUon trans
formed to concrete

J. ,'aUo of distance (Jd) between resultants of compres
Slve and tensile stresses 10 effective d"pth

Jd. lever arm of r"slstlng couple
k'. a factor when multiplied by d gives Ine distance

betw~ijn tension un~ ccmprp,",Rion r~inforcetll(,r't

4.2

4.2

,,:',2

t/Tn = 0.410

0.9

0.9)( 12.1 = 10.9 psi <11.0 psi

,,'~_ 1.062 4 "
~ l -y =0':'2iiii =

The net predict'Hj pressure of 11.0 psi and the minimum
pressure of 10 P psI 10 cause failure are very close.
and It can ", .' ."med thai duc to this loa,llng the beam

Frorl eh...rt, Heferenc£ 22:

Pr·/r 0.9

Pm • 0.9 x 12.1 = 10.9 psi < 17 psi

The pres.ul'e of 17 psi was suW"lent to cuuae failure
of the beam.

Station 20-F:

Spike alone:

t 0.015 se" (Figure C.Il)
P 51.0 psi (Figure C.Il)

then

Then: t/Tn = 33

From Chal'l. R"f"l"n,," 22:

Pm/r 2.5

Pm 2.5 x 12.1 = 30.2 psi < 51 psi

Since the actual preESUr., was ~1 pHI the bE,am bhould
have failed according to the above ca.\culations; how
ever. the beam did not fall.

Idealized laleral pressure:

t 1.2 (l'lgureC.l0)
P = 1l.01'~1 (FlltureC.l'l

then
tiTn ::;; 33

Since the net pr"dlcted pr"ssu re to caUSl' failure WI\S
29 psi and the u<tual pressure was 61 psi, the beam
should bave failed from tile spike load alene. Idealized
lateral preSHUl'l' (without the spike load):

t • 1.2 see (dgure C.9)
P = 17 pbl (Flgue C.9)

163

SECRET



k. a [aclor when m"'tiplied by d gives Ih.. distance
[r"m the C' ,npr.,sslve [ace 10 the neulral axis o[
transformed section (straight-line theory)

K,. K1• coe[flclents defining the magnitude and position
of the Int~rnal compressive force In concrete

k,.• ratio of maximum compressive strength o[ concrete
In beam to compro8lOIvo strtlnllth o[ stllndard test
cylinders. f~

M, any b...lding mume"t
~. Idealized bending momtlnt
Ms. bending moment [or shear-comprtlSSiOlO moJe
Mu, bending moment al ultlmale
My. bending moment at yield point
", EslEel modular ratio
p. As/bd
P'. A~/bd
Pm. maximum transit pressure tho beam can wilhstand
r. equivalent static resistance required lu a Illtlmber

10 resist Imposed Iranslent load
8t>. allowable bearing unit stro~s

t. duration o[ trlangula.' lorce puh,e
T h totP.i. tenSile {Ol·:.~' 1;'1 upper l'c:~f('lrcetnent

Tz• lotaltonsl!c lorce In lower reInforcement

1M

Tn. natural perlotl of vibrlltlon
u. allowable bond str.,S8 per unit o[ surface area of bar
v. allowable "hearing unit "tress
Vb. shear governed by Illlowabl... bea"lng unit 8t1'ess

(~)

Vt, shear governed by allowable shearlr.g unit ,t,'ess
(V)

Vl' shear governed lJy allowable bond stl'OSS (u)
w, uniformly distrIbuted load per unit o[ length o[

beam
X. depth of neutral axis from edge of l'o",presBlon end
Au. maximum deflection at end of beam at ultimate
Ay. maxImum deflection Ilt end o[ beam at yield
(c. Btraln in concrete
'dy' strain in steel at dynamic yield polnl
'u. ultlmale strain In concrete
(s' strain In tensile reinforcement
(~. strain In compl'esslon relnforcemonl
1:0• sum o[ perimeters of bars
<by, curvature of beam at yield poInt. In region of con

st....1 mom.,nt
¢UI ::~J.. v:....tu ..··· of oor~ at maxinlurl load-pur',:) ~l"Ig

capacltv, in rellion of constant moment,
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App,ndix 0
WATER-WAVE OAMAGE

D,1 INTRODUCTION

Water waves (prodllced by sllrface or S\lbSlirface
bursts) strlkJlI& shore Installations may cause serious
damap to the components of such Installations. There
ar~ many variables; the Interrelationships Involved
In predlcllng damage from wave acllor. are complex
and not well \IIIderstood at this time. The following
dlscu8ll10n, In accordance with this project's objec
tives, Is Intend£d to point out certain salient features
concernlll& wave damage In this oparatlon. A much
more comprehensIve study devoted to water-wave
ter mlnal effects was made In u,,,,rallon HardUl~;" uy
Project 50.1 (Reference 23) to provide more-ad",quate
dellign data on wave run-up and overtopping of shore
structures.

0.2 BACKGROUND

Shot Baker of Operallon Clossroads cau8ed waves
which reached a lnaxlmum height of 7 feet on sho....
at a distance of about 3 %miles from the target center.
In the process of eroding the beach, the waves dis
placed large slabs of beach rock sever&! feet; the8Cl
slabs measured up to 9 by 5 by 1 fOOl In sIze, Refer
ence 24.

Wave damage on shore had seldom been reported
In detail; however, numerous photographs and obser
vations were made by Holmes and Narver during
Operation Castle (1954) and Operation Redwlng (19ti6).
See Section 1.2.1 concerning previous wave-damage
surveys. The following summaries Silt forth som", of
the major wave rl:<map.

D.2.1 Operation Castle. There were numel'OUS
Instances of wave damllge during Operation CasUe,
both at close-In stau(\ns and those at great distances.
Shot geometries of Operaticn aastle are shown In Flg
\Ires 1.1 and 1.2 "or !Uktni tutti I!;niwuk,h, ,"UbiJ"i" 1,.j, .t;~J'

Table D.l summarlze8·.hI. damage. It should al8(\
be nolflrl that at many close-In stations the entrances,
on the lee side from tb<J blast, were blocked by sand
",.d;jl)m'i~leftby_UlfLlnunJa1ll1g-WIly';'

0.2.2 Operation RedWing. In Operation Redwlng
there were fewtlr large surface shots on water and
therefore much less wave damage than In Operation
Castle. Shot geol',,,trles for Operation Redwlng are
shown In FI!rUl"''" '.3 and 1.4. Only one close-In ata-
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tlon was obllervAd, Station 1320. Site Vog, previously
used In Operation Castle as Station l210. In thlll op
eratlml, the protectlve ruound of Slllhi was covered by
a layer of a..ph&!tI" mixture a few :n~hes thick. All'
blast and waves from Shots rlathea". "akots, and
Navajo broke up the asphaltic layer but only about 2
feet of cove I' was romoved from the top of the station
In the three events.

Shot Navajo was a !load wavo producer. At Site
Nan,15 mlle3 away, there was no Indication of any
alr-blsst damage; however, the camp area was Inun-
Ja~.cC: ·"J.u~in~ ,:,onsiderable rlam~ t."t ,lmft !?!:,,~.~'ture8

on the lagoon (DUKW repair shop, rlggill& loft, H"N
Marine Department headquarters) were demolished.
POL tanka Were ulldcrminod and slightly Illoved; a
sma': dynamite storage house was displaced 75 feot;
some of the large latrines were dlaplaced 10 to 15
feet; and there were numerous examples of les8Clr
damage.

0.3 THEORY

Wave damage to ShON Inat&llatlons sccordlng to
Reference 8 may result from the following thrllle
effects, (1) Impsct and hydr08tatic force; (2) drag
forco; and (3) Inundation. Impact from a front of
advancing water or 0 br~Rkjnf wave, 11'" ...·M~H ........ t ...

the hydrostatic pressure due to the dlilpth of water, Is
sufficient to damage most onshore structures with
the exception of hardened structures such as those
which are bum at the proving ground. Drag forces
nlsy displace modlum slzt'ld structures or move rel
r.tlvely large objects Into collision with a structure
thlls causing damage. The third effect Inundation'
Is due to the long duration of blast-gen~rated wave~;
the water may reach ~ ~onalderabledistance Inland
alld large areas are covered with wster for the period
or tlmt'l IIntll the wllter recedes.

Gen~rKUy ~peak'ng, it is ",It u\..onomh...[.Hr (C::lsiblt:::
to build protective sea walls so high that they wlll
never be ovef'top:\Jd tJy waves. TI,"l wave phenomena
aro coml'lt",; howf'"''1', ",v""rlence at the nrovlng
ground has ahown that adequate protection f~r te~t
structures and facilities can be provided (80e D.2.1
and D.2.2). Approximate maximum wave heights can
be predloted from Reference R. Howevor, estimates
ba8ed on Referenc,' 8 are for constant depth of wate1',

i. e., a bottom slope of zero. A more general treat-
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T'SLE D I OBSERVATIONS or WAVE DAMAGE, OPERATION CASTLE

cOdi -----
oe.crlpllon Sl~ Shol Nam.

Damap Rangfl, feet

C:.... -In Slatione:

StallOll 131: Rllnlorced-eonc...~ OIorp Union PI.. IxpoHd by ...'O.lon of lind. 16,430

J~ pier. 11 1..1 lonr,. 4 luI YIllkI'!l Pl~r tlilpl.c~d opproxlmataly 100 feet. 15,660

wlclo. and 4 fill "p.
Stallon 130.n71 R'laforced-collc ...ta OIorp 4 Union :'I"r Ixpolld by ero.lon of .and. lC1,430

.... "llr. 4 by 4 by 4 ,..I. 5 YIllk.. Plrr dlaplaced approxhtl&~ly 5~C f..l. 16,500 •
Station. 1403.07 to 1403.14, Doc 5 YIllk.. All .tatlon. dl.placod con.lderabll 6.690

Relnforced-coacNlta dellctor dI.tanc... 7,100 •
.1I110n. opprOll1mallly 7 fill 1011I. ".470
5 f..1 wide. and 3 flit "p. 'J :'00·

6.000
6,280
8.960
9.600 •

Stallon 3.1: Rllnloroed-eOllcrolAl Ct"rlle Rul1llO ProllcU" mOWld wllhed Ilway and 6,600 •
• lIbmarllll IIrmlnal I'lt (.lmUar footl.... IIndormln."I. left .INCIU....
10 111m 22, C!lapllr 4). tll~d.

Station 3.2: Rllnforced-eo""ra~ llo« Union Prof#rti"""", 1~1)llnri erfMied comQ!.,tely. 7,2(>0·
.lIbmar'''' IIrmlnal pit ,.Imllar Yankee Compll~ly de.b-,·y.d, no Irac.. Ian. 7.400·
Ie 111m 21, C!lapllr 4).

Slallon 3.3: R,lnlorced-eOllC"'1I Goorp Union Pro~cU.. mOllnd aeve....ly ,rreed. 15,660
.lIbmarl... IIrmlnal pit (.lmUar
10 film Ii. Chapter 4).

Station 13411 R'lnforced-eoacre~. Goorp Union Send eroded from .rOllnd fOWld.tlon. 15.920
Ihree-ltory 1IIItrIl_nt .bal~r. YIllkI' ..ry 1Itt11 IIIldermlnllll. 16.130
abo.. I"llll'ld IIDmooanded (.Imllar
to 111m I, Chapllr 3).

Station 101: Rllnforoed-eOll,relol Goorp 4 :inion Prollctl.. mollDd ae..rely eroded. 15,880
In'lnament ....h.r. mClWldad.

SIIUon' 1110. IIU: Larp Doc 4 Union NOIIIldl"l partially lroded l..vllII( 8.900
relnforoed-eonCNlII d1....,.lIc corDI" of tho bulldlnl Ixpoaed.
• latlon. moun<lld with appl'Olll- Doc Union NOWIdl"l compllllly eroded, wa~r 8.900
ma~!y 10 flit of coyer. damap to lqulpmenl lnllde the .taUon,

....11••tood 24 Inc.... deep In.lde.

Dl.laAI SI~e:

SlIlIon 70: Rllnforoed-eoncNl~ Nan VIllk.. W.ter ..toed 2 IDc.... "p Iuldo U. 84.050
IIml", .tall.... .taU....

Stallon 7400: Rllaforced-eonc...~ Nan YIIlk.. Major damap to acllnUllc e",lp_nt 83,600 •
homI... beacon .heillr. by 4 'lit of _~. In.lde the .tallon.

T.... Compl...: Sita. Ob<!e. Peter, Ta... Romeo An U-loot wave waalled over the com- BO.OOO·
R...... S....r. T.re. Complea pi... ca...I"I damap to call"w.y.

&lid pr-ollcU"., berm., 500 ,..I of co-
axIel cabll ware allpOMd, 0Il& .mall
IlrIICt1l... _a IIIldormlDed IIl'l
Imocluo.. 0111 of .Upmlnl.

!!nlo'l, CallMway. ware IIrlOU.1y d.lllapd; 59.000 •
tla!lIU WMA; ..vere eoroalM around
..".,ral .tNCI...I •.

Til'" Compl"'" ~,tta. Oboe I Peh)r. T.... YlIlkee CallMway. wa.bed CIIt, """ .",:lI1 1IIl- 69.200'
R,...r. S'Car, Tare. Complex molll'ldod CODC...... block 'lOIIMI5 by

", L}· i n h1Ih) w•• di.pla"'....:-: aw.· xi-
m.tely 400 fill.

CQllJ\Nctl"'LC.~, ~JNL 4_ UnlOQ Water ,..aghl:d most of thI CA!!'-P- ..... 83,OO<i ~
&lid ca....d damlllCa te ....ral of the
IIlht frama bulldi....

V......e Camp w•• wrecked. 63.000 •

• Awroltim.taly.
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mo.nt of wa .a-helght prediction la Kiven In Hef",rence
23 where bottom .Iop<;, reefR, and Rhore lIr.eR At
cloAe-tn rllnKeR arc All conRldered.

D.4 ''''AVJ,; DAMAGE IN OPJ,;HATION HARUTACK

Wave dam"ltc in Operation IIArdtack wag r.ot extell
.ive. Thl. was due to the relatively low yields of the
shots and the ,'art! taken to prevent extennlve damage
~rom waves. The wave damage that occurred as re
ported In Cna >ters 3 and 4 wlll only be sumnlArlzed
here.

Close-in F.tatlon. were affected as follows:
\. Shltlon Hedwing 560.01, Site Able (Item 2): a

reinforced-conc"cte shelter .unoumlpd by a circular,
.""dbagged berm 9 feet high. The water wave (and
all' bla.t) from Shot Fir passing over the island re
moved about 2 f"at of earth from the berm.

2. Station Hedwl"g :519, Site Able iltem 4): II

reinlorced coneret" photoKrapnic Rt..tiOn approximate
ly ~4 foet long, H(t!et wide, al.u 'j f~ot high, \\'~:b:',in){

an estlmateu 50 tons was displaced llpproxtmately 11
feet by Shot Fir.

3. StRtion 78.01. Site Charlie Ill" ... "J: " .. dl
mounded timing stallon was undamaged but had its
entrance blocked by Rand and debris as a result of
Shot Flr. This effect tended to bc repeated In latcr
eventR.

4. Station Complcx, Site Irene (Item 18) and Sta
tion 1525 (ltt'm 19): there waR some deep erosion
around these stations but no structural damage re
SUlted.

5. Station 3.4, Site Irene (Item 2~): a submarine
terminal pit had nearly all of its protective mound
eroded.

6. Station 1:112, Site JAnet (Ih,m 25): a very large,
unmoun<led, concrete structure waR not damaged or
undermined although some sand was eroded from
around the Covndallon.

7. Landing pier, Stte Janp' ;;."m 30): several of
Its large 6-Cool concrete CUbes were washed on shore
by waves from Shots Walnul and Elder. The pre
YelJowwood condllion DC lhe pteI' Is shown in Figure
4.73; post-Walnut is shown in Figure 4.74; and the
final state, post-Elder, is shown in Figure 4.75.
This last flgurc also in~icate. the extent (If inundation
on Janel dlle 10 ~.I"L ~_Jde ...

Dlata,',t sites receiv(u 'UI'Y little wave actioa.
This wa" mainly due to firing the larger-yield sllots
at low tides and In shaHow water. The only notable
..\,~,." ';"""&0 Wll. ,.. SHe Elmer duc t<:o Shot Oak, The
'main damage .was to the personnel pi"r and a pipeline
discharging into the lagoon, One of the iater waves
from Shot Oak is shown striking the pteI' In Figure
D.l. Damagc coul,j have been mush more extensive
if protective bern" had not been placed around shore
aide installations

The pl'olP. ....on offered by a sandbag berm is ill.ls
t"ated in Figures D.2, 3, 4. and 5. The equipment
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shown in these flKUre" was n vital ltnk In the cleotrl
cal distribution sya\em fo.' Sitos Elmel' art! F.'Cd.

D.5 D1SClISSION

Two facts ubserved In past Ope .."tiOl:> ·,t Lhe prov
Ing grounds were once a~llin domon-trated durlnlt
Operation Hardtack:

1. Generally, close-in sLructures which sur;\ved
air-blast effects received no apnreciable damag'3 c.·om
Vruter wa'ye8~ however. erosion wap sometimes t3xten
sjv~.

2. Distant sites (seversl milep) su~fercd wal'e
action Irom the larKcr-yleld device" ,.i ranlt"s wherll
Air-blast damage was smail or negllilible.

Close-In structures which are de.igned to RU"vlve
high blaBt pressure" Bre not suscel'lible to wave dam
age since cloae-in air blaBt Is much rr,ore .evere than
water-wave impact and drag forces. In designing for
a!r blast, the prevention of flooding o~ a .tation during
In"II.in tion should be cons!derod. The '''lly clu.p-Ir,
"ffect from waves on larKe structuros 8flems to be
erOSlon nnLi .. his unly Oecomes a serious concern after
s<,vera) ..vents, particularly when Ihere Is no opp<'rtu
oily belweerl sh::'lti tu l'opJa('e protective COVlH.

As distance [rom o;round zero Incresses, the peak
overpresRure attenuates very raplilly. For pressures
in the rllnge of 1 to 1,000 psi, pressure is Inversely
proportional to the '~ power of ranlte.

p _ lOW'"

Rill

Where: P : peak aide-on pressure, psi
W & yield, kilotons
R & rAnge, kHofp ..t

Water waves, however, scale in a different f"Rhion.
~'or a wave moving in open water, the crest height
(height above tide stage) is inv.Jrs..ly proportional to
the range. For shaUow WAter conditions, the relation
ship l.'f tllP variables can be e"pressed approx!rr."te!y
oy:

Where: Hc ~ crest height, feet

W = yield, kilotons

d II: dep"h !\t Rl~ ... race 7.cro~ feet

R range, kllofeel

The major characteristic of the hIRst-generated
water Wav"s tha\ reach Inlermediat" ranlte and dis
lant sites is thetr long period. The height of thcse
waveR Is not large, In fact, storm waves Are often
higher. However, the :on;; l""rlod of th<lse wav,,~

causes water to continue to .. pUe up" at the sl,orc
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"lpre 0.1 Wave &CUOIl lit tM per_l pier froID
Shot oak, SIf4 Eitner.

Flpre D.2 TJ'allaformer ataUOIl prior to _ve arrival.
Shot oak, Bite Elmel'.

Filllre D.3 TrUiaformer .tattCIII, flrat wave .trildllC tbe
lapon .bo.... Shot Oak, Site Elmer.

1"llre 0.4 Tran.formar .tatioa, ffr.t _ve m0vlll& OIl.bore.
the start 01 Inundation. Shot Oa~. Site Folmer.
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I,ne so that water runs Inland to great distances. Pro
\.~"tlve WOo ;,s can dissipate much of the energy of the
water on shore but flooding of large land kreas cannot
he prevented.

works ofl'er reasonably adequste protection agall:El
Impact and drag effects by dissipating wave enelgy.
The long ptlrlod of blest-generkteu ",avea makes pro
tection from Inlllldation very difficult. Inundation and

Fllure D.li Transformer station after wave action
ceased and water subsided. Bnot Oak. Site Elmer.

D.6 CONCLUSIONS AND RECOMMENDATIONS

Structural effects due to water \\,a':" :•. ~. ':2 neg
lected for close-In structures designed to withstand
all' blast.

At greater distances, where all' blast Is o( no great
conssquence. water waves must be considered In
structural planning. The standerd shore-protection

189

!1OQ<1irJg •',..~ cllnnot bel prevented may be proVided for
I.. ck:slgn 'If (aclllties by walllrproofing vital equipment
and by making doors seal tightly. One structlJral (ea
ture that has shown Its u8e(uln',ss Is the provision of
proper drainage lor a station, I. e ....lImlnating sunken'
floors and sills that trap water. and having floors slope
toward the entrance. so that any water that gets Into
tac station can be readily dralnlld oul.
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TRC

Defense Special Weapons Agency
6801 Telegraph Road

Alexandria, Virginia 22310-3398

27 August 1998

MEMORANDUM TO DEFENSE TECHNICAL INFORMATION CENTER
ATTN: OCQIMr William Bush

SUBJECT: CLASSIFICATION CHANGES

The Defense Special Weapons Agency Security Office has reviewed and declassified the
following documents and distribution statement A now applies:

WT-163I, AD-355505
WT-I6I9, AD-35795I

Also WT-1619-EX should be withdrawn from the system.

Also WT-1637, AD-339275, has been downgraded to Confidential FRD.

of' !\,L:JL ~LAd5t
ARDITH JARRETT
Chief, Technical Resource Center


